Examining the Effects of Stress and Age on Neural Reward Processing: Considerations for the Role of Individual Differences in Autonomic Reactivity by McCuddy, William
Marquette University 
e-Publications@Marquette 
Dissertations (1934 -) Dissertations, Theses, and Professional Projects 
Examining the Effects of Stress and Age on Neural Reward 
Processing: Considerations for the Role of Individual Differences 
in Autonomic Reactivity 
William McCuddy 
Marquette University 
Follow this and additional works at: https://epublications.marquette.edu/dissertations_mu 
 Part of the Clinical Psychology Commons 
Recommended Citation 
McCuddy, William, "Examining the Effects of Stress and Age on Neural Reward Processing: 
Considerations for the Role of Individual Differences in Autonomic Reactivity" (2019). Dissertations (1934 
-). 868. 
https://epublications.marquette.edu/dissertations_mu/868 
EXAMINING THE EFFECTS OF STRESS AND AGE ON NEURAL 
REWARD PROCESSING: CONSIDERATIONS FOR THE  
ROLE OF INDIVIDUAL DIFFERENCES IN 























A Dissertation submitted to the faculty of the Graduate School, 
Marquette University, 
in Partial Fulfillment of the Requirements for  


















EXAMINING THE EFFECTS OF STRESS AND AGE ON NEURAL 
REWARD PROCESSING: CONSIDERATIONS FOR THE  
ROLE OF INDIVIDUAL DIFFERENCES IN 




William Travis McCuddy, B.A., M.S. 
 




Acute stress is unavoidable and may hinder basic reward processing underlying 
adaptive decision-making. Additionally, older adults may be at an increased risk of poor 
decision-making after exposure to acute stress due to age-related changes in cognitive 
and autonomic functioning. The current study assessed the influence of acute stress, 
autonomic reactivity, and age on a simple behavioral task during fMRI. Specifically, old 
and young adults completed a basic reward processing paradigm (i.e., where participants 
received monetary rewards and punishments) after exposure to acute stress (i.e., social 
evaluative cold pressor) or control procedure between-subjects. In the young group, 
differential responses for monetary rewards over punishments were observed in executive 
functioning regions (i.e., dlPFC and dACC), whereas older participants displayed reward-
related differential activity in ventral-midline structures commonly associated with 
emotion processing (e.g., mPFC and ventromedial ACC). Exposure to acute stress 
significantly reduced differential engagement of the dmPFC and left putamen, an effect 
driven largely by older adults. Additionally, parasympathetic reactivity (measured via 
HRV) expressed during acute stress exposure predicted differential activity within these 
regions; in mPFC, this effect was significantly moderated by age. These findings 
highlight anatomically distinct patterns of activation underlying reward processing in 
older versus younger adults and offers preliminary support for the proposal that the aged 
may be at increased risk for stress-related changes in neural processing of rewards and 
punishments. Furthermore, parasympathetic reactivity during acute stress may be a viable 
biomarker for predicting stress-related alterations in fronto-striatal reward processing 
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According to the World Health Organization (2018), the global population of 
adults over the age of 65 years has reached approximately one billion people and 
demographic trends project that number to double within the next three decades. Both 
healthy and pathological aging are associated with cognitive decline, particularly in the 
domain of executive function (Logsdon, Gibbons, McCurry, & Teri, 2002). Adaptive 
decision making often requires complex integration of several executive functions (EF; 
Koechlin & Hyafil, 2007) and is therefore subject to age-related decline as well. Indeed, 
it has been demonstrated that as compared to younger adults, in some contexts elders 
make more maladaptive decisions in laboratory (Bruine de Bruin, Parker, & Fischhoff, 
2007) and real-world situations (Korniotis & Kumar, 2011). Additionally, maladaptive 
decisions made during older adulthood may lead to serious consequences such as an 
increased risk of financial exploitation (for review, see Spreng, Karlawish, & Marson, 
2016). Other researchers, however, note no change or even enhanced decision-making in 
older, compared to younger adults (Lighthall, Huettel, & Cabeza, 2014). Given a 
significantly growing elderly population, a better understanding of the mechanisms 
underlying age-related modulation of decision-making that might contribute to cognitive 
decline is essential. 
As with aging, stress is an unavoidable aspect of daily life. Research across 
disciplines indicates that exposure to acute and chronic stressors can modulate cognitive 
performance (Lupien, McEwen, Gunnar, & Heim, 2009), including adversely impacting 
executive domains such as decision-making (Starcke & Brand, 2012). Mechanistically, 
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acute stress can disrupt signaling within neural circuits critical in processing reward-
related information and decision-making (Arnsten, 2009). At least two lines of evidence 
suggest that stress effects on the neural circuitry supporting reward processing may serve 
as a significant modulator of decision-making in older adults. First, reward processing 
capability appears to decline with age (Marschner et al., 2005; Umetani, Singer, 
McCraty, & Atkinson, 1998) and age-related decrements in dopaminergic signaling 
within the brain’s reward pathway have been implicated in age-related cognitive decline 
(Braver et al., 2001). For example, studies have indicated specific age-related alterations 
in the processing of reward outcomes (Dreher, Meyer-Lindenberg, Kohn, & Berman, 
2008) as well as decreased performance on tasks that rely on learning dynamic rules and 
updating stimulus-reward associations (Mell et al., 2005).  
Second, age-related autonomic dysfunction is associated with varied disease 
sequelae. Several lines of research highlight the importance of autonomic risk factors, 
such as reduced parasympathetically-mediated autonomic functioning (e.g., vagal tone), 
as predictors of cognitive decline (Hedden & Gabrieli, 2004). While recent reports link 
resting vagal tone with cognitive functions in young adults (Gillie, Vasey, & Thayer, 
2014; Hansen, Johnsen, & Thayer, 2003; Hansen, Johnsen, & Thayer, 2009; Williams & 
Thayer, 2009), results are more variable in older adults (Frewen et al., 2013; Kim & Lee, 
2013). Further, parasympathetically-mediated autonomic functioning has been little 
studied in the context of reward processing and decision-making. Because vagal output 
has been associated with engagement of a range of brain regions supporting both higher 
order and basic cognitive functions (Thayer & Lane, 2009), it is plausible that vagal 
output may also be related to processing reward-related information that guides adaptive 
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decision-making. Importantly, the vast majority of research in this area has almost 
exclusively utilized either resting vagal tone or tasks/stressors associated with reduced 
vagal output. Given that vagal tone tends to be depressed in older adults (Korkushko, 
Shatilo, Plachinda, & ShatiloShatilo, 1991), the inconsistent findings linking autonomic 
and cognitive functioning in older adults may be due to a floor effect. Thus, vagal 
reactivity to cold stress (thought to increase vagal tone; Mourot, Bouhaddi, & Regnard, 
2009) may provide additional insights into stress’ influence over the central and 
peripheral neural correlates of decision-making and reward processing over the aging 
timeline.  
The present study represents a “first step” in decomposing the complex 
multivariate relationship between stress exposure, reward-based decision-making, and 
age. Specifically, this project focused on two central aims: (1) the potentially interactive 
influence of acute stress and age on reward processing using a simple decision-making 
task, and (2) the contribution of individual differences in acute stress-related 
parasympathetic autonomic nervous system reactivity as a mediator in that relationship. 
To that end, research across a range of disciplines are first be reviewed. These include the 
neural basis of decision-making and reward processing, the modulatory effect of acute 
stress on decision-making and reward processing, and the role autonomic functioning as a 
potential factor contributing to stress-related alterations in reward processing. 




A popular model of decision-making divides the decision process into five stages 
(for review, see Rangel, Camerer, & Montague, 2008). The first stage involves 
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representation of the decision problem. This includes representations of internal (e.g., 
hunger) and external (e.g., threat) motivational states, as well as the possible courses of 
action one may choose. The second stage, valuation, refers to the expected value assigned 
to each possible action. The third stage is associated with the selection of an action in 
which a behavioral choice arises from comparing the expected value for each action 
option. The fourth stage refers to outcome processing, and represents the desirability of a 
chosen action based on its outcome. The fifth and final process is learning, which 
involves a process of updating the other decision steps based on previous outcomes to 
improve future decisions.  
While it is clear that numerous computations (reward-related and otherwise) 
contribute to decision-making, here a more limited framework was adopted for 
simplicity. Namely, that the temporal process of decision-making consists of three stages: 
1) outcome anticipation, 2) outcome selection, and 3) outcome processing (Ernst & 
Paulus, 2005). As the names suggest, outcome anticipation refers to the representation of 
predicted outcomes associated with various choice cues, whereas outcome processing 
refers to the representation of the consequence associated with a particular decision. 
Outcome selection simply refers to the behavioral choice between multiple options or, in 
some cases, the choice to act or not to act. The current project mainly focused on the first 
and third, processes generally referred to as “valuation” (i.e., by which expected value is 
attached to anticipated decision outcomes and subjective value attached to experienced 
outcomes). The process of valuation is critically involved in an organism’s ability to 
discern contingencies of reward-related stimuli in the environment, which is necessary 
for guiding adaptive future behavior. It is not surprising, therefore, that several brain 
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regions appear uniquely sensitive to reward-related information. 




A wide range of research indicates that reward-related information is detected and 
processed by diverse regions that comprise the brain’s “reward processing circuitry” 
(e.g., Rolls, 2000; Schultz, 2000). Though variation exists in the functional roles 
attributed to specific anatomy, it is generally accepted that this system is comprised of the 
dopaminergic mesolimbic pathway, linking the ventral tegmental area (VTA), ventral and 
dorsal striatum, septum, hippocampus, amygdala, and prefrontal cortex (Ikemoto, 2007). 
The current project focused primarily on the role of prefrontal cortex (PFC) and striatum 
in the context of stress and the processing of reward-related information critical for 
adaptive decision-making.  
Prefrontal cortex. The PFC includes a large portion of the frontal lobes, 
exhibiting pronounced anatomical and functional heterogeneity. Roughly speaking, the 
PFC can be divided into dorsolateral PFC (dlPFC), ventral and dorsal aspects of anterior 
cingulate cortex (ACC),   the medial PFC (mPFC), and orbitofrontal cortex (OFC). While 
each of these regions have been associated with decision-making, mPFC and OFC are 
frequently associated with the process of valuation, whereas dlPFC and ACC tend to be 
linked to executive and function and emotional processing. Due to their role in the basic 
processing of rewarding and punishing stimuli, an attempt was made to limit the scope of 
the current project to OFC and mPFC. Within OFC, distinct regional activation is 
observed as a result of positive and aversive sensory stimulation including taste 
(O'Doherty, Rolls, Francis, Bowtell, & McGlone, 2001), smell (Rolls, Kringelbach, & de 
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Araujo, 2003), touch (Rolls, O'Doherty, et al., 2003) hearing (Blood, Zatorre, Bermudez, 
& Evans, 1999) and vision (O'Doherty et al., 2003). Studies have also demonstrated OFC 
activation in response to more abstract rewards, such as money (O'Doherty, Kringelbach, 
Rolls, Hornak, & Andrews, 2001). These findings highlight the role of this region in 
valuation of the outcome of rewarding and aversive environmental stimuli.  
Compared to OFC, mPFC appears to be associated more with valuation of 
expected rewards and planning actions (i.e., decisions) based on valuation of experienced 
reward outcomes (Amodio & Frith, 2006; Knutson & Cooper, 2005). For example, mPFC 
engagement has been observed to increase when monetary rewards were delivered in a 
manner consistent with one’s expectations (but reduced when expected rewards were 
withheld; Knutson, Fong, Bennett, Adams, & Hommer, 2003). Notably, this difference 
(i.e., the degree to which the subjective value of an experienced decision outcome differs 
from its expected/predicted value when anticipated) is known as prediction error 
(Schultz, Dayan, & Montague, 1997), and has been associated with mPFC activation 
(Brown & Braver, 2005). Studies also suggest, valuation signals within mPFC have been 
observed to covary with probability of receipt at outcome (Knutson, Taylor, Kaufman, 
Peterson, & Glover, 2005), and with the temporal delay between the reward cue and 
reward outcome (Ballard & Knutson, 2009). Collectively, the implication is that mPFC is 
not only involved in static reward anticipation, but dynamically updates anticipatory 
activation based on previous outcome characteristics (for review, see Amodio & Frith, 
2006).  
Striatum. The striatum, along with globus pallidus, substantia nigra, and 
subthalamic nucleus, are a collection of subcortical nuclei that comprise the basal ganglia 
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(Graybiel, 2000). It is noteworthy that as a whole the basal ganglia play a central role in 
voluntary motor control (i.e., in the DM context, action selection of behaviors associated 
with decisions; Ridderinkhof, van den Wildenberg, Segalowitz, & Carter, 2004), but are 
extremely complex both structurally and functionally and beyond the scope of the present 
study. Thus, the following review focuses on the specific functioning of the striatum and 
its subcomponents alone. In human fMRI studies, the striatum is generally divided into, 
1) a ventral region comprised of the nucleus accumbens (NAcc) and inferior aspects of 
the caudate and putamen, and 2) a dorsal region, comprised of the remaining majority of 
the caudate (dorsomedial) and putamen (dorsolateral; Delgado, 2007).  
Various components of the striatum project to different regions of the PFC via 
thalamic relays, which are then projected back to the striatum, forming a series of 
spiraling “loops” (Alexander, DeLong, & Strick, 1986). It is this connection with the 
frontal lobes, which is mediated by dopamine (DA) signaling, that allows subcortical 
structures involved in reward processing to influence decision-making, in addition to 
other executive functions. Characterizing some of the primary pathways associated with 
reward processing, mPFC prominently projects ventrally to the shell of the NAcc, 
involved in anticipatory valuation (Corbit, Muir, & Balleine, 2001), and dorsally to 
medial aspects of the caudate nucleus, important for goal-directed action (Hikosaka, 
Takikawa, & Kawagoe, 2000). In contrast, the OFC projects ventrally to the NAcc core, 
associated with incentive salience and valuation of decision outcomes (Corbit et al., 
2001), and dorsally to the putamen, thought to play a primary role in habit-based 
decisions (Hikosaka et al., 2000).   
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Notably, several studies have demonstrated that many of the brain regions 
discussed above respond differentially to positively and negatively valenced stimuli. It is 
plausible that the degree of this differential responding may be a marker of neural 
processing of external rewards and punishments, which can inform decision-making. In 
many brain regions the differential responding is characterized by greater neural 
engagement for gains over losses (e.g., in PFC and striatal regions above). Other brain 
regions, however, tend to show more activation for losses over gain (e.g., regions of 
ACC, mPFC, and anterior insula). While the direction of the differential processing (i.e., 
positive vs. negative) is sure to be a critical component of RP, it is deemphasized in the 
current project. Instead, the current project was formed on the basis that increased 
differential responding within the reward network (regardless of direction) is associated 
with more adaptive decision-making. Indeed, several studies examining the impact of 
stress on reward processing and decision-making provide preliminary support for this 
hypothesis. 




Recent research suggests that both PFC and striatal brain regions supporting 
reward processing and decision-making are modulated by stress exposure. Two primary 
biological systems underlying the stress response are the sympathetic-adrenal-medullary 
(SAM) axis and the hypothalamic-pituitary-adrenal (HPA) axis. SAM activation 
stimulates the release of catecholamines such as epinephrine, norepinephrine, and 
dopamine (Arnsten, 2009). Thus, SAM activation increases peripheral arousal across 
multiple systems to enable adaptive responses to threatening or aversive stimuli (i.e., the 
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classic "fight or flight" response; Cannon, 1932), while also temporarily diverting 
metabolic resources from less critical systems (e.g., digestion, immune system function). 
Notably, SAM-related psychophysiology reaches peak engagement (and returns to 
baseline) quickly after stress exposure  
HPA is engaged when a perceived threat activates the hypothalamus, triggering a 
cascade of neuroendocrine changes associated with the eventual secretion of 
corticosteroids from the adrenal glands (for review, see Ulrich-Lai & Herman, 2009). 
Specifically, hypothalamic release of corticotrophin releasing factor stimulates secretion 
of adrenocorticotropic hormone into the bloodstream from the anterior pituitary. This, in 
turn, stimulates the adrenal glands; secretion of corticosteroids from the adrenal cortex 
(e.g., glucocorticoids such as cortisol, as well as less-studied mineralocorticoids). Once in 
the bloodstream, corticosteroids bind to many of the body’s nucleic cells and play a role 
in metabolizing carbohydrates, increasing blood glucose levels to meet metabolic 
demands after excess consumption of resources related to the SAM-associated fight-or-
flight response (e.g., after responding to a stressful situation, Miller & O'Callaghan, 
2002). In addition to metabolic influences, glucocorticoids have wide-ranging effects on 
neurochemistry and cognitive function including decision-making and reward processing. 
Additionally, the slow timeline of cortisol release may contribute to long lasting and 
dynamic effects. 
Stress effects in PFC. PFC has been implicated as particularly vulnerable to the 
effects of acute stress-related increases in catecholamines (e.g., dopamine, noradrenaline, 
and serotonin) and glucocorticoids (e.g., cortisol; Arnsten, 2009). For example, in 
experiments measuring single neurons during a spatial working memory task, acute stress 
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disrupted typical neuronal firing in PFC (Funahashi, Bruce, & Goldman-Rakic, 1989). 
This impaired signaling is thought to be associated with stress-induced increases in PFC 
dopamine levels (Arnsten, 2007) as stress impairments in similar studies have been 
reversed after delivery of a dopamine antagonist (Murphy, Arnsten, Goldman-Rakic, & 
Roth, 1996).  
Evidence for stress related impairment of PFC functioning also originates in 
research employing multiple imaging modalities. For example, deactivation of mPFC 
after a psychosocial stressor has been demonstrated using both positron emission 
topography (PET) and functional magnetic resonance imaging (fMRI; Pruessner et al., 
2008). Given the influence of acute stress on PFC activity as represented in these studies, 
it is not surprising that PFC-based cognitive functions (e.g., reward processing) could be 
altered under conditions of acute stress. Concurrently, a collection of studies 
investigating stress-induced changes in whole-brain functional connectivity have led 
researchers to posit that exposure to acute stress prompts a shift in neural resources 
toward vigilance and salience and away from those supporting executive control 
(Hermans, Henckens, Joëls, & Fernández, 2014), yet how this effects specific reward 
processes remains unclear. 
Stress effects in striatum. Similar to OFC, stress-induced functional changes 
have also been observed in the striatum and are thought to represent similar interaction 
between catecholamines and glucocorticoids discussed above (e.g., cortisol; Arnsten, 
2009). In animal models, exposure to stress is related to increased extracellular dopamine 
in ventral and dorsal striatum (Abercrombie, Keefe, DiFrischia, & Zigmond, 1989). 
Additionally, stress may differentially effect striatal subcomponent structures. For 
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example, repeated exposure to stress has been associated with hypertrophy (i.e., increased 
neuronal density and dendritic length) in the dorsolateral striatum but atrophy in 
dorsomedial striatum (Dias-Ferreira et al., 2009). In line with these stress-related 
structural changes, exposure to stress has also been associated with a shift away from 
goal-directed decisions, which is linked to the dorsomedial striatum, toward habit-based 
decisions, associated with the dorsolateral striatum (Dias-Ferreira et al., 2009; Schwabe 
& Wolf, 2009, 2010). Collectively, these studies demonstrate sensitivity of striatum to 
stress and provide evidence for specific role of dopamine and other catecholamines as a 
potential mediator of stress effects on neural processing.  




Early studies examining decision-making in the context of stress showed that 
acute stress tended to lead to maladaptive behaviors (Janis & Mann, 1977). More recent 
reports of decision-making under stress, however, have noted both increases and 
decreases in adaptive behaviors (for review, see Porcelli & Delgado, 2017). This 
variability may be due to differences in the modulatory effects of stress on reward 
processing and decision-making. Specifically, instances of maladaptive decision-making 
after stress may be attributed to stress-related decreases in sensitivity to outcome receipt 
on simple decision-tasks (Bogdan & Pizzagalli, 2006). For example, Berghorst, Bogdan, 
Frank, and Pizzagalli (2013) observed stress-related reductions in reward outcome 
valuation by comparing reward-driven (GO) and punishment-driven (NoGo) responses 
on a stimulus selection task. This is consistent with imaging studies demonstrating stress-
related reductions in neural activation associated with reward outcome sensitivity in both 
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the putamen (Born et al., 2010) and the mPFC (Ossewaarde et al., 2011). Partial support 
is also provided by imaging results demonstrating stress-induced decreases in sensitivity 
to monetary outcomes in the OFC and putamen (Porcelli, Lewis, & Delgado, 2012). 
While outcome processing typically decreases following acute stress, a different pattern 
emerges when examining outcome anticipation.  
Compared to the studies above, demonstrating stress-induced decreases in 
outcome receipt, tasks examining outcome anticipation suggest both valence-based 
improvements and decrements in decision-making following acute stress. For example, 
decision-making involving probabilistic learning (i.e., learning from complex feedback) 
has been associated with stress-related learning enhancements when outcomes are 
positive (Lighthall, Gorlick, Schoeke, Frank, & Mather, 2013) but decrements when 
outcomes are negative (Petzold, Plessow, Goschke, & Kirschbaum, 2010). This suggests 
that stress exposure may enhance reward salience, while simultaneously reducing 
punishment salience. The notion that stress triggers additional reward salience (STARS 
effect) is based on dopamine – glucocorticoid interactions in the NAcc and OFC (Mather 
& Lighthall, 2012) and may represent an evolutionarily derived strategy to aid coping and 
recovery after stress (Ellis & Del Giudice, 2014).  
 In sum, this select review demonstrates that acute stress does in fact modulate 
both basic reward processing and more complex decision-making subserved by reward 
processing. However, inconsistencies remain between stress-related attenuation of basic 
outcome valuation and stress-related increases in outcome anticipation guided by reward 
processes. This may be due to variations in stress-to-task latencies between studies, or 








Several factors that contribute to cognitive decline (discussed below) may 
exacerbate the modulatory effects of stress on reward processing in older adults. 
Mechanistically, decline in prefrontal function associated with the aging process may be 
related to disruption of DA mediated signaling within the mesolimbic reward network 
(Braver & Barch, 2002). This network is comprised of dopamine pathways linking 
together the VTA, ventral and dorsal striatum, septum, hippocampus, amygdala, and 
prefrontal cortex (Ikemoto, 2007). Of these regions, concentration of DA receptors are 
highest in the PFC (Brown et al., 1979) with prominent DA projections to the striatum 
(Graybiel, 2000; Knutson, Delgado, & Phillips, 2008). Thus, fronto-striatal processing, 
thought to subserve reward processing, may be especially sensitive to age-related 
alterations in DA concentration. Indeed, healthy aging produces significant receptor loss 
(Volkow et al., 1998; Wang et al., 1995) and marked atrophy (Raz, 2000) in both the PFC 
and striatum. 
Interestingly, when simple reward anticipation or reward outcome is assessed in 
the absence of learning and decision-making, older adults generally exhibit similar neural 
activation compared to younger adults. For example, several studies have shown that 
fronto-striatal regions continue to respond robustly to rewarding outcomes in older adults 
(Cox, Aizenstein, & Fiez, 2008; Samanez-Larkin et al., 2007; Samanez-Larkin, Worthy, 
Mata, McClure, & Knutson, 2014; Schott et al., 2007; Vink, Kleerekooper, van den 
Wildenberg, & Kahn, 2015). Additionally, older adults have demonstrated enhanced 
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recognition and source memory for reward-related targets in the same manner as younger 
adults (Eppinger, Herbert, & Kray, 2010; Mather & Schoeke, 2011). Similarly, measures 
of reaction time on reward tasks display a similar pattern or reward-related speeding in 
both older and younger adults (Vink et al., 2015). While these studies suggest that the 
basic neural responses associated with reward processing are relatively intact in older 
age, it is important to recognize that there have been reports of reduced sensitivity for 
subtle monetary gains (Schott et al., 2007) and losses (Nielsen, Knutson, & Carstensen, 
2008; Samanez-Larkin et al., 2007). 
In contrast, the ability to learn about rewards over time may also be more 
sensitive to age-related disruption. Stimulus reward associations can be characterized by 
a shift in striatal activation from reward outcome to reward anticipation over time 
(Schultz et al., 1997). While striatal responses to reward outcomes are generally intact in 
older adults, previous results from age-related assessments of changes in reward 
anticipation are inconsistent. For example, some reports indicate reduced striatal 
activation during reward anticipation in older versus younger subjects (Dreher et al., 
2008; Schott et al., 2007). This has led some researchers to posit that age-related declines 
in learning and decision-making may be attributed to an attenuation of the characteristic 
shift in striatal activation from reward receipt to reward anticipation in older adults (Vink 
et al., 2015) 
Probabilistic learning tasks enable researchers to examine various aspects of 
reward anticipation, reward outcome, as well as the ability to use learned stimulus-
outcome associations to guide future behaviors. Utilizing such tasks, researchers have 
shown age-related impairment in the ability to associate stimuli with reward-related 
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information to guide decision-making (Mell et al., 2005). Additionally, performance 
shows further declines with increasing cognitive demand, in which the probabilistic 
associations between stimuli and outcome are more ambiguous (Worthy, Cooper, Byrne, 
Gorlick, & Maddox, 2014). In similar studies, older adults demonstrated reduced 
prediction error–related activity in the mPFC and striatum (Eppinger, Schuck, Nystrom, 
& Cohen, 2013; Mell et al., 2009; Samanez-Larkin et al., 2014). Further evidence for 
functional impairment on such tasks is provided by electrophysiological studies which 
have demonstrated reduced PFC activation during probabilistic learning in older adults 
compared to younger adults (Eppinger, Hämmerer, & Li, 2011). These studies 
demonstrate age-related impairments in the ability to process reward related information 
in a manner that facilitates adaptive decision-making. While the above studies more 
specifically target reward processing, they also require participants to learn stimulus-
outcome associations and to use that learned reward information to make decisions. In 
other words, the tasks utilized in these studies tap multiple cognitive domains including 
encoding, recall, and working memory. Therefore, it is unclear whether poor performance 
on these tasks is primarily due to declines in cognitive domains other than reward 
processing (e.g., working memory). One of the aims of the current study is to address this 
issue by targeting specific aspects of the reward process (e.g., outcome anticipation and 
outcome receipt) isolated from other cognitive domains.  




Both aging and stress have been associated with declines in dopamine function 
and related cognitive impairment (Bäckman, Lindenberger, Li, & Nyberg, 2010; Del 
16 
 
Arco et al., 2011). While no studies have examined the effect of acute stress on specific 
components of basic reward processing in older adults with a stress-to-task latency that 
would implicate HPA activation, contradictory results have been obtained when assessing 
stress’ effect on reinforcement learning and various forms of decision-making. For 
example, Mather and colleagues (2011) observed greater stress-induced changes to risky 
decisions in older adults, whereas Lighthall and colleagues (2013) did not observe age 
related differences in reinforcement learning following acute stress. To address these 
conflicting results, the present study attempted to examine specific features of reward 
processing (i.e., outcome anticipation and receipt). Importantly, such conflicting reports 
may be partially related to variations in the physiological responses to stress, which is 
mediated by autonomic functioning. What follows is a brief review of autonomic 
functioning, its relation to cognitive functioning, and the potential utility of autonomic 
reactivity measures to predict stress-related alterations in reward reprocessing.  




Evidence that autonomic functioning may modulate stress-related alterations in 
reward processing is partially supported by Thayer’s neurovisceral integration hypothesis 
(Thayer & Lane, 2009). Originally a model of emotion regulation (Thayer & Lane, 
2000), the neurovisceral integration hypothesis contends dynamic forebrain and hindbrain 
connections are critical for adaptive regulation of autonomic, affective, and cognitive 
systems (Thayer & Lane, 2009). Specifically, vagal pathways originating in a frontal 
network comprised of prefrontal, anterior cingulate, and insular regions tonically inhibit 
amygdala reactivity via projections to its central nucleus (a major autonomic modulator 
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via efferent connections). Disinhibition of the central nucleus of the amygdala is thought 
to increase HR via disinhibition of tonically active sympathoexcitatory neurons in the 
rostral ventrolateral medulla (RVLM). This, in turn, inhibits the vagal motor neurons of 
the nucleus ambiguous (NA) and dorsal vagal motor nucleus (DVN) neurons, thus 
decreasing parasympathetic activation. Under the neurovisceral integration hypothesis, 
inhibitory processes are critical and are prominently initiated by the mPFC (Thayer & 
Lane, 2009).  
Parasympathetic activation is commonly derived from beat-to-beat variations in 
continuous HR recordings and is generally termed heart rate variability (HRV). There are 
many techniques for extracting markers of both sympathetic and parasympathetic 
contributions to HRV (for review, see Holzman & Bridgett, 2017). The focus here, 
however, is limited specifically to parasympathetic influences on HRV (P-HRV). 
Currently, there is modest preliminary evidence to suggest that greater resting P-HRV 
may be predictive of enhanced cognitive performance. For example, resting P-HRV has 
been associated with faster reaction time and improved performance on working memory 
and sustained attention tasks (Hansen et al., 2003; Hansen et al., 2009). A similar 
relationship has been observed with respect to P-HRV and inhibition. For example, 
during go/nogo tasks, in which participants must inhibit prepotent motor responses, 
greater resting P-HRV predicted improved inhibitory performance (Williams & Thayer, 
2009). Additionally, Gillie and colleagues (2014) observed that greater resting P-HRV 
was positively associated with internal inhibitory control (i.e., enhanced suppression of 
to-be-avoided words in a retrieval task). Given that, 1) working memory, sustained 
attention, and inhibitory control are processes subsumed by decision-making and, 2) 
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decision-making is largely influenced by reward processing, it follows that increased P-
HRV may also be associated with enhancements in decision-making and reward 
processing. Furthermore, specific aspects of reward processing (i.e., outcome 
anticipation) and P-HRV share a common modulating neural PFC region (i.e., mPFC).  
 HRV and aging. Assessing the connection between P-HRV and cognition in 
older adults has also yielded mixed results. For example, when P-HRV was assessed in 
311 disabled women over 65-years old, results demonstrated lower P-HRV was 
associated with increased cognitive impairment based on a brief cognitive assessment 
tool [i.e., Mini Mental Status Examination (MMSE); Kim et al. (2006)]. The overall 
effect was relatively strong such that individuals with the lowest P-HRV were 6.7 times 
more likely to exhibit cognitive impairment. Conversely, Frewen and his collaborators 
(2013) failed to demonstrate the same effect in a large representative community sample 
(n = 4,763, mean age = 61.7, 55% female) utilizing the Montreal Cognitive Assessment 
(MOCA). These conflicting results suggest that further research is warranted.  
Given that P-HRV is a critical component of stress regulation, and increased 
stress is associated with greater age-related decline, there is likely benefit from assessing 
the relationship between P-HRV and cognitive functioning in older adults within the 
context of stress. Furthermore, previous work has not assessed the role of P-HRV in 
association with cognitive functioning separate but related to executive functions, such as 
reward processing. As the focus of the current study, such an assessment has the potential 
to further our understanding of the relation between parasympathetic and cognitive 








 Another aim of this project was to assess the relative ability of P-HRV reactivity 
vs resting P-HRV to predict cognitive functioning. A vast majority of the current 
literature related to P-HRV and cognitive functioning has focused on resting baseline 
measures, however findings have been mixed - especially in older adults. One reason 
why P-HRV reactivity to stress has not been pursued more fervently may be related to 
wide variability in psychophysiological responses observed during different stressors and 
tasks. However, assessing P-HRV reactivity to stress may provide a more reliable 
indicator of cognitive function. Not only have resting measures of P-HRV failed to 
produce significant associations with cognitive performance in some studies, several 
studies examining both resting P-HRV and P-HRV reactivity were more likely to find 
associations using P-HRV reactivity measures (Heponiemi, Keltikangas‐Järvinen, 
Kettunen, Puttonen, & Ravaja, 2004; Nicolini et al., 2014; Wood, Maraj, Lee, & Reyes, 
2002).  
 Physiological stressors often provide a unique assessment of autonomic 
functioning as they engender an immediate threat to homeostatic functioning (Herman & 
Cullinan, 1997). One of the more prominent physiological stressor commonly employed 
in human research is the cold pressor test (CPT). Several studies examining the 
autonomic effects of CPT report biphasic changes in heart rate (HR) that start with an 
initial increase (often times at the one minute mark) followed by a substantial decrease 
(Cui, Wilson, & Crandall, 2002; Fu et al., 2002; Victor, Leimbach, Seals, Wallin, & 
Mark, 1987). Such variable reactivity (i.e., speeding and slowing of HR in a 3-minute 
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span) suggests strong and dynamic autonomic modulation.   
 It has been hypothesized that this biphasic HR and P-HRV effect is primarily 
driven by increases in vagal outflow, mediated by a baroreceptor reflex correction for 
sustained blood pressure (BP) increases (Mourot et al., 2009). As BP increases and the 
walls of the carotid artery and aorta expand, the basal rate of baroreceptor activation 
increases. Action potentials produced by the baroreceptors are transmitted from these 
regions to the cardiovascular regulatory center of the medulla via the vagus nerve. 
Increased stimulation of this brainstem region activates parasympathetic signaling 
through the inhibitory pathway of the vagus nerve back to the sinoatrial (SA) node of the 
heart, decreasing HR (Robbe et al., 1987). Therefore, reductions in HR are negatively 
correlated with HRV. Less is known about the role of the PFC and amygdala in top down 
control over this baroreceptor response, as suggested by Thayer and colleagues (2012).  
The increased vagal activation in response to cold induced BP increases appears 
to be a homeostatic process that is more prevalent in physiological stress, as biphasic 
HR/HRV patterns are not generally observed in mental stress paradigms. From an 
evolutionary perspective, the ability of an organism to maintain homeostatic functioning 
is directly related to the organism’s ability to adapt to its physical environment (Cannon, 
1935), which significantly impacts survival (Darwin, 1859). Nevertheless, the argument 
that higher levels of vagal activation during physiological stress represent greater 
homeostatic control and better health outcomes has received little attention. In the limited 
reviews that exist, one study demonstrated that within a sample of individuals with 
depression, higher HR (i.e., less vagal influence) during CPT was associated with higher 
levels of depression (Sanchez-Gonzalez, May, Brown, Koutnik, & Fincham, 2013). In 
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another study, greater reactivity or change in HR during CPT was associated with better 
memory consolidation (Larra et al., 2014). These findings suggest that greater HRV 
reactivity during CPT is associated with positive mental health outcomes and better 
cognitive performance. Furthermore, P-HRV reactivity to CPT appears somewhat unique 
(compared to mental stressors) eliciting an increase, rather than a decrease in P-HRV. 
CPT, therefore, may be particularly useful for assessing interactions between P-HRV and 





Decision-making engages a wide range of PFC and striatal regions that modulate 
input to neural circuits that are critical for processing reward-related information. These 
interactions likely play a central role in valuation of both anticipated and received 
rewards/punishments necessary for adaptive learning in changing environments. Several 
potential modulators of reward processing were discussed above, with special attention 
paid to acute stress and age. Review of the neural correlates of stress’ influence suggests 
that acute stress stimulates the release of glucocorticoids (e.g., cortisol), which inhibit the 
elimination of extrasynaptic dopamine in cortico-striatal circuits. Consequently, acute 
stress may be associated with reduced sensitivity to positive outcome valuation during 
basic reward processing tasks. Paradoxically, acute stress has also been associated with 
learning enhancements implicated via reward anticipation – suggesting an interaction 
between acute stress and reward processing.   
Additionally, older adults may be increasingly susceptible to the effects of acute 
stress due to altered dopamine system function and alterations in cortico-striatal 
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interactions. Recent evidence was reviewed suggesting that parasympathetic autonomic 
functioning is modulated by PFC regions that are also sensitive to stress-related 
alterations and reward processing. Recent reports have linked resting parasympathetic 
engagement to cognitive functioning in young adults. Similar investigations in older 
adults, however, have yielded mixed results, potentially due to methodological factors 
that influence parasympathetic function in older adults. As the ability to processes 
reward-related information may underlie specific cognitive processes, examining the 
influence of parasympathetic engagement on reward processing may also provide insights 
into this discrepancy. Finally, some evidence suggests that parasympathetic reactivity to 
cold stress (measured by P-HRV) may be uniquely suited to assess stress-altered cortico-
striatal functioning in older adults, providing potential insights into stress’ influence over 









Aim 1: To explore the influence of age and acute stress on neural reward processing. 
H-1A) In both younger and older adults, blood oxygen-level dependent (BOLD) 
in PFC (mPFC and OFC) and striatal regions will differentiate between 
rewarding and punishing predictive stimuli (arrows) and stimuli denoting the 
receipt of financial outcomes.  
H-1B) Acute stress exposure will reduce differentiation between rewards and 
punishments in said brain regions in both groups. 
H-1C) The acute stress effect will be stronger (i.e., greater impairment in 
reward/punishment differentiation) in older over younger adults. 
Aim2: To examine the potential mediating role of baseline P-HRV and P-HRV 
reactivity to cold stress in stress-induced alterations of reward processing. 
H-2A) P-HRV will be lower in older compared to younger adults, and the acute 
stress procedure will elicit increases in P-HRV. 
H-2B) Greater P-HRV will be associated with higher levels of differential 
processing for positive and negative stimuli.  
H-2C) Compared to resting P-HRV, P-HRV reactivity (as measured during the 
acute stress procedure) will be more strongly predictive of stress-related 












The current study was conducted during two testing sessions over the course of 
two days. On day one, participants arrived at Marquette University to practice the 
computerized tasks they would subsequently be asked to complete during fMRI scanning. 
Baseline physiological measures, a cognitive test battery, and questionnaires, which are 
beyond the scope of the current project, were also collected during this time. On the day 
of the scan (i.e., day two), participants arrived at the Medical College of Wisconsin and 
participated in a short stress (or control) procedure before completing three behavioral 
tasks during scanning. The first task assessed reward processing via a card guessing task 
adapted from Delgado, Nystrom, Fissell, Noll, and Fiez (2000a) and was the focus of the 
current project (see below for more details). The second and third tasks, not discussed 
here, included a computerized Stroop task (Langenecker, Zubieta, Young, Akil, & 
Nielson, 2007; Stroop, 1935) and a parametric Go-NoGo-Stop task (Langenecker et al., 
2007). Physiological measures (e.g., HR, blood pressure, skin conductance, and salivary 
cortisol) were collected before and after the stress procedure, and during all behavior 





Participants consisted of 43 right-handed healthy adults between 20 and 84 years 
old (demographic information is provided in Table 1). Recruitment strategies included 
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print advertisements placed in the local periodical and flyers posted around the city of 
Milwaukee, and Web-based solicitations on free online classified advertisements website 




Demographics (Total n = 43)  
  Young (n= 22) Old (n= 21) 
Age   
Mean (SD) 23.18 (2.54) 67.38 (6.63) 
Range 20-29 59-84 
Gender   
Male (n=25) 12 13 
Female (n=18) 10 8 
Stress Group   
No Stress (n=22) 12 10 
Stress (n=21) 10 11 
Note. Age Mean and SD for total sample = 44.77 and 22.89 respectively. 
 
General exclusionary criteria. A self-reported, detailed medical and 
psychosocial history was obtained from all potential participants at intake during a 
prescreening process prior to session 1. Participants were excluded if they reported a 
history or evidence of: 1) neurological illnesses/conditions, such as motor or vocal tics, 
head trauma with significant loss of consciousness (>30 min), cerebral ischemia, vascular 
headache, carotid artery disease, cerebral palsy, epilepsy, brain tumor, dementia 
(including Alzheimer’s disease and Mild Cognitive Impairment), chronic meningitis, 
multiple sclerosis, pernicious anemia, normal-pressure hydrocephalus, HIV infection, 
Parkinson’s disease, and Huntington's disease; 2) severe medical illnesses/conditions that 
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may affect brain function, such as untreated hypertension, cardiac disease, insulin-
dependent diabetes mellitus, endocrine disorders, renal disease, glaucoma, and chronic 
obstructive pulmonary disease; 3) psychiatric disturbance meeting DSM-IV Axis I 
criteria; 4) Mini-Mental State Exam (MMSE) score less than 28 or a Geriatric Depression 
Scale score greater than 10 (older adults only); or 5) substance abuse meeting DSM-IV 
Axis I criteria and assessed using a detailed drinking and drug questionnaire. Participants 
were also excluded from study if they indicated that they are taking prescribed 
psychoactive medications. Participants were asked to refrain from alcohol use for 24 
hours and caffeine use for 12 hours prior to testing. Additional exclusion criteria specific 
to MR scanning was also adopted including: pregnancy, weight inappropriate for height, 
ferrous objects within the body, low visual acuity, and a history of claustrophobia. Given 
the role of stress in this study, additional exclusionary criteria were applied to ensure 
participants' safety. These include: history of cardiovascular illness (including but not 
limited to aneurysm, heart attack, congenital heart abnormalities, untreated hypertension, 
chronic rheumatologic disease, diabetes, Reynaud’s Disease, and Cold Urticaria).  
As compensation for their time, participants were paid $15 per hour for 
participation. In addition, participants earned bonus monetary compensation (between $1 





Informed consent. When participants arrive on day one they were given an 
overview of the study purpose and a detailed description of the study procedures. 
Informed consent and study instructions took place again at the Medical College of 
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Wisconsin on Day 2 (prior to MRI scanning). Following the signature, participants were 
screened for (a) MRI Safety Exclusions (using the official MCW metal screening form), 
and (b) Stress Safety Exclusions, prior to continuing with additional cognitive testing, 
surveys, questionnaires, as well as behavioral tasks and MRI scanning.  
 Day 1-Cognitive test battery and other measures. Though not the focus of the 
current study, all participants were administered a cognitive test battery composed of 
standardized neurocognitive tests at entry into the study. After brief cognitive testing, 
participants were introduced to the reward task and completed a brief sample of the task 
to reduce the novelty of task during scanning.  
Day 2-Scanning and Reward Task. On the second day, participants underwent 
an acute stress or control procedure (see Stress Induction section below), followed by a 
reward processing task (30-60 minutes later) inside the scanner. On this task, participants 
were shown a blank card stimulus with a question mark for 2s, and was asked to guess 
whether the card’s number (1-10) is higher or lower than 5. After deciding, a shape (large 
or small upward arrow, large or small downward arrow) predictive of the outcome (large 
or small reward, large or small punishment respectively) is displayed for 2s followed by a 
jittered interstimulus interval for 3s. Next the actual number ‘on’ the card and 
confirmation of a win or loss of money is displayed for 2s, followed by a 3s jittered 
intertrial stimulus. The actual amount of money won or lost is represented by a series of 
colored check marks (1 or 5 green checkmarks indicating small or large rewards, 
respectively) and ‘x’s (1 or 5 red ‘x’s indicating small or large losses, respectively). 
Importantly, the predicative arrows accurately predict the outcome only 67% of the time 
(e.g., large upward arrow predicts large gain 67% of the time; $0 may appear 33% of the 
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time. This permits examination of corticostriatal responses to outcome anticipations, 
monetary outcomes, and violations of outcome expectancies (prediction errors); direct 
examination of prediction error, however, was beyond the scope of this project. Also of 
note, although monetary gains/losses may appear to be contingent on responses, the 
outcomes are actually balanced and predetermined. Nevertheless, participants receive 




Figure 1. Visual depiction of reward processing task.  
 
 
n = 24 
n = 24 
n = 24 
n = 24 
n = 4/condition 







 On the day of the scan, after a minimum 30-minute rest period and approximately 
30-60 minutes prior to task performance, participants randomly allotted to the 
experimental condition underwent the socially evaluative cold pressor, a variant of the 
cold pressor test (Schwabe, Haddad, & Schachinger, 2008). This task involves the 
participant placing their hand in ice-cold water (0-4 degrees Celsius) for a period of three 
minutes. Additionally, participants were instructed to stare into the lens of camera while 
being observed by study key personnel as part of the social evaluative component. The 
combination of physiological and social stress has been shown to have a cumulative 
effect on the body’s stress response and is used to maximize stress. In contrast, the no-
stress control group was asked to immerse their hand in room temperature water, with no 
evaluation or camera, for the same amount of time. 




To assess baseline and acute stress-related sympathetic-adrenal-medullary (SAM) 
axis reactivity associated with the SECPT or control procedure prior to MRI scanning, a 
BIOPAC MP150 system was used to record continuous skin conductance and HR (via 
electrocardiogram with a sampling rate of 1000 Hz). Skin conductance levels (SCL) were 
computed using BIOPAC AcqKnowledge 4.0 software (BIOPAC Systems, Inc., Goleta, 
CA) as the average waveform in microsiemens (µS) during three separate 3 minute 
segments of recording: (1) a baseline prior to initiation of the SECPT or control 
procedure, (2) during the 3 minutes of SECPT or control exposure, and (3) during the 3 
30 
 
minutes immediately following exposure. HR data were collected in the same manner. 
SCL and HR data were then analyzed via mixed ANOVA. 
Hypothalamic-pituitary-adrenal (HPA) axis function was assessed via five saliva 
samples acquired on the day of the scan. Specifically a baseline sample after participants 
had acclimated to the facility but before SECPT or control, and a series of 4 samples over 
the remainder of the protocol during fMRI scanning. Samples were collected via 
Salimetrics Oral Swabs (Salimetrics, LLC, State College, PA) placed in storage at -10 
degrees Celsius prior to assaying. Samples were assayed using Salimetrics Cortisol 
ELISA kits by study key personnel (WTM and SRP) at Marquette’s Biochemical and 
Immunoserological Core Laboratory. Assays were conducted in duplicate and average 
cortisol concentrations were obtained. Salivary cortisol data were then analyzed via 
mixed ANOVA.  
HRV measures were derived via continuous recording of a three-lead 
electrocardiogram (ECG) collected during the same three, 3-minute epochs as HR and 
SCL (i.e., rest, acute stress or control procedure, and recovery. During each 
measurement, participants were seated and stationary. The ECG signal was digitized at a 
sampling rate of 1000 Hz using Biopac MP150 hardware (Biopac Systems, CA) and 
subsequently analyzed using Kubios software (Kubios 2.0).  
Both time and frequency HRV measures associated predominately with vagal 
tone (i.e., compared to sympathetic processes) were assessed. Time-domain measures 
capture both long-term and short-term variability in HR. Long-term variability includes a 
combination of sympathetically and parasympathetically mediated changes over minutes 
to hours. Conversely, short-term variability includes rapid changes from one beat to the 
31 
 
next and is driven almost exclusively by parasympathetic activity at the SA node (P-
HRV). In the current study, the root mean square of successive R-R differences 
(RMSSD) was assessed, which measures short-term variability and provides a marker of 
P-HRV that is resistant to fluctuations in breathing patterns (Laborde, Mosley, & Thayer, 
2017). While RMSSD is generally considered to be predominantly influenced by vagal 
activation, at least one researcher using transfer function simulations, has suggested that 
RMSSD is also influenced by lower frequency fluctuations that can include sympathetic 
influences (Berntson, Lozano, & Chen, 2005). 
For frequency-domain measures, R-R intervals serve as the basis for the 
derivation of power spectrum density (PSD) estimates reflecting said periodicity in HR. 
Spectral analysis transforms the R-R series into a sinusoidal waveform, which is then 
deconstructed into its component frequencies. PSD is comprised of three frequency bands 
ranging from 0.0 to 0.4 Hz. These bands include the very low frequency (VLF, 0.003-
0.04 Hz), low frequency (LF, 0.04-0.15 Hz), and high frequency (HF, 0.15-0.4 Hz). 
Normalized HF units derived from an autoregressive modeling technique were utilized in 
the current study due to its clear, and almost independent, association with vagal 
activation (Task Force, 1996). 
To examine the effect of resting P-HRV and P-HRV reactivity to SECPT, 
bivariate correlations were performed between each P-HRV measure and beta weights 
extracted from significant cluster activation during the reward processing task. Next, 
linear regressions were computed to assess the relative predictive power of resting P-
HRV and P-HRV reactivity regarding reward processing after stress exposure. Additional 
details regarding regression analyses are specified in the results section.  
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Acquisition. Imaging was performed on a GE 3T MR750 system located at the 
Medical College of Wisconsin Center for Imaging Research. A 32 channel 
radiofrequency head coil with foam padding was used to restrict participants’ head 
motion while minimizing discomfort. High-resolution axial images (T1-weighted SPRG: 
256 x 256 matrix, FOV = 256 mm, 176 1mm axial slices) were obtained from all 
participants. Functional images (single-shot gradient echo EPI sequence; TR = 2000 ms; 
TE = 24 ms; FOV = 192 mm; flip angle = 80º; matrix = 64 x 64; slice thickness = 3 mm) 
were acquired during all functional tasks and comprised forty-one contiguous oblique 
slices (3 x 3 x 3 mm voxels) oriented parallel to the anterior commissure-posterior 
commissure line.  
 Preprocessing. fMRI data were preprocessed and analyzed using BrainVoyager 
QX software (version 2.8, Brain Innovation, Maastricht, The Netherlands). Preprocessing 
involved motion correction (six-parameter, three-dimensional motion correction), spatial 
smoothing (4-mm FWHM), voxel-wise linear detrending, high-pass filtering of 
frequencies (3 cycles per time course) and normalization to Talairach stereotaxic space 
(Talairach & Tournoux, 1988). The imaging task is a rapid event related design 
consisting of trials spaced closely together in time, leading to a significant overlap of the 
hemodynamic response function. Relying on the assumption that the hemodynamic 
response function follows the principle of linearity, however, the overlapping responses 
can be dissociated using deconvolution analysis (or finite-impulse responding; FIR; 
Gitelman, Penny, Ashburner, & Friston, 2003). 
33 
 




General linear models (GLM) were first defined at the single-subject level in 
which predictors were regressed onto the dependent variable of blood-oxygen-level 
dependent (BOLD) changes within the brain (i.e., fMRI’s dependent measure of “brain 
activity”). Three second-level random effects GLMs were then performed (the first two 
for young and aged participants separately, the third combined; see below for additional 
details). In all three motion parameters were incorporated as nuisance regressors and 
single-subject anatomical and functional scans were transformed into standard stereotaxic 
space (Talairach & Tournoux, 1988). Data were spatially smoothed to compensate for 
anatomical variation using a 6 mm Gaussian full-width, half-maximum filter (no 
temporal filtering was applied). 
Because a rapid-event related design was employed, all random effects GLMs 
involved hemodynamic deconvolution (i.e., rather than convolution commonly employed 
in the slow event-related context). To clarify, in rapid event-related designs stimuli are 
presented in quick succession without permitting stimuli-linked hemodynamic variations 
to resolve prior to the next trial (i.e., in slow event-related designs trials a fixation is 
presented ~10-20 s post-trial to allow hemodynamic resolution before the next trial; 
Amaro & Barker, 2006). Deconvolution allows estimation of hemodynamic responses 
specific to individual, rapidly presented stimuli (if appropriately spaced/jittered) based on 
the assumption of linearity in summation of successive hemodynamic fluctuations (Dale 
& Buckner, 1997). Thus, using this approach it is possible to disentangle stimuli-
associated changes in fMRI BOLD even when said stimuli are rapidly presented. 
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In terms of the three aforementioned second-level random effects GLMs, analysis 
of fMRI BOLD data proceeded in the following manner. To reduce error associated with 
age-related differences in brain morphology (Raz et al., 1997)and variance/noise 
(Aizenstein et al., 2004), young and aged participants were initially assessed separately 
(i.e., via separate GLMs). Specifically, for each group GLM, 2 (Phase: 
Decision/Anticipation vs. Outcome) X 2 (Valence: Gain vs. Loss) ANOVAs was 
performed directly on deconvolved BOLD data using BrainVoyager software. These 
ANOVAs specifically targeted fMRI BOLD temporally located at 6-8 seconds after 
stimulus onset. This window was chosen in that it corresponds to a predicted peak in 
stimulus-lined BOLD after stimuli presentation (Lindquist, Loh, Atlas, & Wager, 2009).   
Thus, at this stage only the within-subjects independent variables of RP task phase 
and valence were included. The outcome of each (i.e., young and aged) represented a 
voxel-wise analysis of multi-subject fMRI BOLD contrasting (1) decision/anticipation 
and outcome phases, (2) trial stimuli valence (i.e., positive vs. negative), and (3) potential 
phase by valence interactions (i.e., major parameters of the RP task). Age and acute stress 
groups were excluded at this point so that for each age group a network of brain regions 
responsive to RP task parameters could be established. That is, to combine both age 
groups in this initial step would yield only areas of common engagement (given the age-
related sources of error mentioned above, that would be potentially highly problematic; 
Hare et al., 1998). 
Resulting cluster maps did not yield clusters that survived correction for multiple 
comparisons by false discovery rate. However, this method may be an overly 
conservative threshold resulting in increased type II error (Genovese, Lazar, & Nichols, 
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2002). Thus, correction for multiple comparisons was achieved via cluster-level 
correction (Goebel, Esposito, & Formisano, 2006). Specifically, an uncorrected (i.e., 
primary) threshold of p < .001 was set and a minimum cluster size threshold to achieve 
false positive rates of less than 5% at the cluster level was calculated based on a Monte 
Carlo simulation procedure. Recent concerns have surfaced regarding increased type I 
errors associated with liberal cluster-defining primary thresholds (e.g., p-values < .01, 
.05, and .005). Based on a series of simulation studies aimed at balancing type I and II 
errors, primary thresholds set to p = .001 are adequate (Lieberman & Cunningham, 2009; 
Woo, Krishnan, & Wager, 2014).  
The resulting cluster-level corrected whole-brain clusters for each age group were 
then combined into one common fROI applied to the full sample (i.e., the third random 
effects GLM) to extract beta-weights for post-hoc comparisons (i.e., main effects of, and 
interactions between, stress and age group). Additionally, previous reports utilizing a 
similar task have reported that stress effects on RP were more apparent for stimuli 
associated with larger over smaller monetary gains and losses (Porcelli et al., 2012). 
Thus, only the high magnitude gains and losses were assessed to reduce statistical 
complexity and the total number of comparisons. Additionally, as the current study did 
not attempt to examine prediction error, only outcomes that were consistent with the 
preceding predictive stimuli (i.e., during the anticipation phase) were examined. Finally, 
as there was no jittered ITI between the two second decision phase (i.e., when the 
participants viewed a “?” and were instructed to guess whether the “next card” was going 
to be higher or lower than “5”) and the two second anticipation phase, these phases could 
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 SCL. Mean SCL was assessed during the SECPT or control procedures as 
described earlier. SCL data from five participants could not be analyzed due to technical 
errors, thus the following analyses were conducted on 38 participants (Young adults: 10 
control and 8 SECPT; Older adults: 10 control and 10 SECPT). First, a 2 (Age: Younger 
vs. Older) x 2 (Stress Group: SECPT vs. Control) x 3 (Time: Baseline, Exposure, and 
Post-Exposure) mixed ANOVA revealed a significant Time x Stress interaction, F(1.33, 
68) = 6.02, p < .05, ηp
2 = 0.15 (see Figure 2). No other interactions or main effects were 
observed. Given the lack of between age group differences, the two age groups were 
combined for post-hoc analyses. Results from paired-samples t-tests revealed a 
significant SCL increase during the SECPT condition, t(17) = -2.38, p = < .05, d = 0.49, 
followed by a significant decrease during the post-stress measure, t(17) = 2.46, p = < .05, 
d = 0.19. In the control condition, a significant decrease from baseline during the control 






Figure 2. Analysis of skin conductance levels by stress or control procedure exposure. Skin 
conductance levels (uS) by stress group before (baseline), during (Exposure), and after 
(Post Exposure) SECPT or control procedure. Only the stress group demonstrated a 
significant cortisol increase from baseline during the SECPT/control procedure. * p < .05.  
 
 
 Heart rate. Mean HR was collected in the same fashion (i.e., 3 minute bins 
before, during, and after exposure to the SECPT or control condition). HR data were 
successfully obtained for all but one participant yielding a total sample of 42 (Young 
adults: 11 control and 10 SECPT; Older adults: 10 control and 11 SECPT). A 2 (Age: 
Younger vs. Older) x 2 (Stress Group: SECPT vs. Control) x 3 (Time: Baseline, 
Exposure, and Post-Exposure) mixed ANOVA revealed a significant Time x Stress 
interaction, F(1.65, 76) = 8.89, p < .01, ηp
2 = 0.19 (see Figure 3a ). Between group 
analysis revealed a trending difference between age groups, F(1, 38) = 4.04, p = .05, ηp
2 = 
0.09, but no differences between stress groups, F(1, 38) = 1.79, p = .19, ηp
2 = 0.04. 
Follow-up post-hocs demonstrated a significant increase in HR from baseline during the 
acute stress procedure, t(20) = -2.80, p < .05, d = 0.60, followed by a return to baseline 
39 
 
during the 3 minute post-stress recovery period, t(20) = 4.37, p  < .01, d = 0.83; this 
effect was not observed in the control group. For descriptive purposes, the same post-hoc 
analyses were performed separately within each age group (see Figure 3b). In the young 
group, a slight but nonsignificant increase in HR from baseline to the SECPT procedure 
t(9) = -1.14, p = .28, d = 0.51, followed by a significant drop in HR during the post-stress 
measurement, t(9) = 2.78, p  < .05, d = 1.13. In the older group, acute stress elicited a 
significant increase in HR with a large effect size, t(10) = -3.22, p = < .01, d = 0.71, 
followed by a similar HR reduction during the recovery phase, t(10) = 3.37, p < .01, d = 
0.68. In both age groups, HR returned to baseline during the 3 minute post-stress 




Figure 3. Analysis of HR by stress or control procedure exposure and by young or old. (a) 
A significant increase in HR from baseline to acute stress procedure (p < .05), followed by 
a subsequent drop in HR during the post-stress recovery period (p < .01). No changes were 
observed in the no stress group. (b) Of the participants who were exposed to acute stress, 
only the older group demonstrated a significant increase from baseline to stress (p < .05); 
this may indicated reduced parasympathetic reactivity to acute stress in the older group. 
Both age groups evidenced significant decreases from the Stress to the Post Stress measure 
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(ps < .05). No changes in HR were observed for the control group. Error bars were removed 
from graph B to improve readability. * p < .05. 
 
 The lack of significant acute stress related HR increase in the young group, 
combined with the sharp reductions in HR during the post-stress measurement, suggests 
the initiation of parasympathetic activation during the 3-minute stress procedure that 
persisted into the recovery phase (see discussion for more details). To examine this 
phenomenon, the above analyses were repeated assessing the 3-minute stress procedure 
in 3 separate 1-minute measurement windows. This 2 (Age: Younger vs. Older) x 2 
(Stress Group: SECPT vs. Control) x 5 (Time: Baseline, 1st min. Exposure, 2nd min. 
Exposure, 3rd min. Exposure, and Post-Exposure) mixed ANOVA revealed a significant 
main effect of Time, F(1.96, 144) = 5.13, p = .001, ηp
2 = 0.13 qualified by a significant 
Time X Stress interaction, F(1.96, 144) = 8.64, p < .001, ηp
2 = 0.19 (see Figure 4a). No 
between subjects effects were observed. Collapsed across age groups, post-hoc analyses 
revealed stress-related HR increase during the first minute of the stress procedure only, 
t(20) = -3.45, p  < .01, d = 0.84. Each subsequent minute of SECPT exposure elicited 
significant HR decreases (i.e., 2nd min, t(20) = 3.30, p < .01, d = 0.30; 3rd min, t(20) = 
2.22, p < .05, d = 0.35). Furthermore, HR returned to baseline level prior to the 










Figure 4. Analysis of HR between stress and age groups at baseline (3-minutes), 1-minute 
bins during exposure, and post-exposure (3-minutes). (a) HR demonstrating a significant 
Time X Stress interaction (p < .001). In the stress group, HR increased from baseline to the 
first minute of the stress procedure (p < .01). Each subsequent minute of stress exposure 
elicited significant HR decreases (ps < .05). (b) The older stress group demonstrated a HR 
pattern similar to the young stress group, with a non-significant blunting of HR decline 




Cortisol. Salivary cortisol data were excluded from nine participants, via listwise 
deletion, due to contamination or insufficient saliva for more than two samples (2 young: 
1 SECPT, 1 control; 7 older: 4 SECPT, 3 control). Thus, analyses of variance statistics 
were conducted on 35 of the 43 participants (Young adults: 11 control and 9 SECPT; 
Older adults: 8 control and 7 SECPT). A 2 (Age: Younger vs. Older) x 2 (Stress Group: 
SECPT vs. Control) x 5 (Time: Baseline, 2, 3, 4, 5) mixed ANOVA revealed significant 
main effects of Time, F(1, 31) = 5.29, p < .05, ηp
2 = 0.15 and Stress Group, F(1, 31) = 
6.23, p < .05, ηp
2 = 0.18. The main effects were qualified by a significant interaction 
between time and stress group, F(1, 31) = 6.99, p < .05, ηp
2 = 0.18 (see Figure 5), and a 
trending interaction between time and age group, F(1, 31) = 6.99, p = .06. There was no 
main effect of Age Group, F(1, 31) = 6.23, p < .05, ηp
2 = 0.18. Importantly, a significant 
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increase from baseline to the first sample taken after SECPT/control exposure was 
observed for the SECPT group only, t(15) = -3.66, p < .01, d = 1.05. The predicted 3-way 
interaction between time, age group, and stress group was not significant F(1, 31) = 1.25, 




Figure 5. Analysis of salivary cortisol levels by stress or control procedure exposure. The 
chart displays a significant Time x Stress interaction, as well as a significant increase from 
baseline to Sample 2 in the stress group only. Samples 2, 3, 4, and 5 were collected 
approximately 30, 45, 65, minutes flowing the stress procedure. * p < .05.     
 
 




Task-based ROI creation. To test hypothesis 1A, a voxel-wide 2 (RP phase: 
anticipation vs receipt) x 2 (valence: positive vs negative) within-subjects ANOVA was 
conducted separately for younger and older participants as described above. In the young 
group, this procedure produced a single Phase x Valence interaction cluster in the right 
superior frontal gyrus (see Figure 6a) characterized by greater activation for losses 
compared to gains in the anticipation phase, t (21) = -2.69, p = .014, d = 0.54, and the 
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reverse effect in the outcome phase (i.e., greater activation for gains compared to losses, t 
(21) = -2.69, p = .014, d = 1.09). A second cluster was identified in left middle frontal 
gyrus on the basis of a main effect of Phase (see Figure 6b), which was characterized by 
greater activation during the outcome phase compared to the anticipation phase, t (21) = -





Figure 6. (a) Whole-brain Phase x Valence interaction in right superior frontal gyrus in the 
young group only and (b) Phase main effect in left middle frontal gyrus in the young 
group only. Post-hocs describing the nature of the interaction are detailed in the main text 









R-Superior Frontal Gyrus 
L-Middle Frontal Gyrus 
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When the same voxel-wide 2 (Phase) X 2 (Valence) ANOVA was performed in 
the older group, significantly activated clusters emerged in the left anterior cingulate 
and right medial frontal gyrus (see Figure 7). This activation was characterized by 
significantly greater BOLD for gains relative to losses, irrespective of phase. Post-hoc 
findings showed this effect trended toward significance during the anticipation phase 
only for both regions (L-anterior cingulate: t (20) = 1.82, p = .084, d = 0.38, R-medial 




Figure 7. Voxel-wide main effect of valence in (a) right medial frontal gyrus and (b) left 
anterior cingulate cortex in the old group only. Post-hocs describing the nature of the 





R-Medial Frontal Gyrus 












As no significant subcortical clusters survived correction in the initial analysis, 
two subsequent voxel wide one-way ANOVAs assessing the effect of stimuli valence 
(positive vs negative) on BOLD were conducted separately for each RP phase 
(anticipation vs outcome) and separately for each age group. Significant BOLD 
differential emerged only in the young group and only during the outcome phase 
revealing significantly greater activation for gains relative to losses in the right middle 
frontal gyrus, t (21) = 3.98, p = .001, d = 1.19, and the right cingulate gyrus t (21) = 4.05, 
p = .001, d = 1.28 (see Figure 8). 
Refer to Table 2 for a list of all clusters surviving correction for multiple 










Figure 8. One-way ANOVAs assessing the effect of stimuli valence (positive vs negative) 
on BOLD conducted separately for each RP phase (anticipation vs outcome) and separately 
for each age group. Significant BOLD differential emerged only in the young group and 
only during the outcome phase revealing significantly greater activation for gains (positive) 
relative to losses (negative) in the (a) right middle frontal gyrus (p = .001) and (b) right 











Significant Regions of Interest Derived from Whole Brian Analyses Conducted 














x y z 
Sup Frontal 
Gyr 





L -51 32 19 46 32.86 .000011 Young Phase ME 
Mid Frontal 
Gyr  
R 45 14 31 9 5.16 .000041 Young 
Outcome Phase 
(Gain > Loss)  
Cingulate 
Gyrus 
R 0 20 37 32 5.03 .000056 Young 
Outcome Phase 
(Gain > Loss) 
Ant Cingulate L -12 32 19 32 28.84 .000029 Old  Valence (ME) 
Med Frontal 
Gyr 
R 9 41 16 9 21.21 .000171 Old Valence (ME) 
Note. Whole-brain corrected clusters obtained via voxel wide analyses.  
 
 
Given the absence OFC and striatal clusters surviving correction, in light of the 
importance of these regions to study hypotheses three additional ROIs (i.e., OFC, 
Caudate, and Putamen) from published work utilizing a similar experimental task and 
stress procedure (Porcelli et al., 2012), each of which exhibited differential processing for 
gains over losses modulated by acute stress exposure. These were manually generated by 
selecting 8 cubic mm around the original study’s peak voxel coordinates. A complete list 










Size x y z 
Superior Frontal Gyrus R 10 43 48 8 229 
Middle Frontal Gyrus L -50 34 17 46 456 
Middle Frontal Gyrus  R 41 14 34 9 574 
Cingulate Gyrus R 1 31 43 32 750 
Anterior Cingulate L -12 33 21 32 305 
Medial Frontal Gyrus R 10 38 17 9 296 
Orbital Frontal Cortex* L -41 42 -6 47 492 
Caudate* R 14 4 18 -- 512 
Putamen* R -23 4 6 -- 512 
Note. Talairach coordinates represent each ROIs Center-of-Gravity. * ROIs manually 
created from 8 cubic mm around anatomical coordinates from a previous study with 
similar experimental task and stress procedure (Porcelli et al., 2012). 
 
 
Effects of age and stress on differential processing. The resulting whole-brain 
corrected clusters for each age group were then combined into one common fROI, which 
was applied to the entire young/old fMRI dataset to extract beta-weights for between-
subjects comparisons (i.e., main effects of, and interactions between, stress and age 
groups). First, the difference between reward and punishment-related activation (i.e., the 
valuation difference coefficients) was calculated for both age groups, averaging across 
each RP phase. Next, a 2 (Stress: SECPT vs Control) x 2 (Age: Young vs Older) 
ANOVA was performed on the valuation difference coefficients for each identified ROI. 
A list of ANOVA results for each ROI are displayed in Table 4 (means and standard 
deviations are listed in Appendix A). Notable results included a significant main effect of 
age in the R-Middle Frontal Gyrus, characterized by greater differential processing in the 
young group, relative to the old group, F (1, 39) = 4.92; p = .03; partial η2 = .11. A 
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similar effect trended toward significance in the R-Cingulate Gyrus, F (1, 39) = 3.03; p = 
.09; partial η2 = .07 (see Figure 9). Post-hoc evaluation of stress effects within each age 




Figure 9. Results from post-hoc examination of age and stress via 2 (Stress: SECPT vs 
Control) x 2 (Age: Young vs Older) ANOVA performed on the valuation difference 
coefficients (computed from extracted betas as described in the Method section) for each 
previously identified ROIs. Significant main effect of age was observed in the R-Middle 
Frontal Gyrus, characterized by greater differential processing in the young group, relative 
to the old group (p = .03). A similar effect trended toward significance in the R-Cingulate 
Gyrus (p = .09). * p < .05;   † p < .10. 
 
 
The above ANOVA also exhibited trending main effects of stress in the R-
Superior Frontal Gyrus, F (1, 39) = 3.33; p = .08; partial η2 = .08 and L-Putamen, F (1, 
39) = 3.27; p = .08; partial η2 = .08. In both ROIs, acute stress was associated with 
reduced differential activation (see Figure 10). Post-hoc evaluation of age effects within 
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each stress group were nonsignificant, and no significant age-stress interaction effects 




Figure 10. Notable findings from post-hoc examination of age and stress via a 2 (Stress: 
SECPT vs Control) x 2 (Age: Young vs Older) ANOVA performed on the valuation 
difference coefficients (computed from extracted betas as described in the Method section) 
for each previously identified ROI in Analysis 1. Marginally significant main effects of 
stress were observed in the right superior frontal gyrus and left putamen. These findings 
were characterized by reduced differential processing in the stress group, relative to the 
young group. † p < .10. 
 
 
The above results demonstrate greater differential activation between gains and 
losses in the young, relative to older age group in the R-Middle Frontal Gyrus and R-
Anterior Cingulate, irrespective of acute stress exposure. Results also demonstrated that 
acute stress exposure led to reduced differential activation for gains and losses in the R-
Superior Frontal Gyrus and L-Putamen, irrespective of age group. Post-hoc analysis 
revealed that the stress effects were being driven primarily by stress-related reductions in 
R-Superior Frontal Gyrus           
No Stress                  No Stress                  Stress                  Stress                  
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differential BOLD within the older group only (see Figure 11). Though these results are 
consistent with the proposed hypotheses, a more detailed examination of the driving 
factors associated with the stress and age related reductions in differential processing was 




Figure 11. Stress effects in R-SFG and L-Putamen displayed between age groups. The 
trending stress effect displayed in Figure 8 are examined within each age group separately. 
Results are displayed graphically, with relevant statistics presented below. The reduced 
differential BOLD observed in the stress group was present (trending) in the old group 





Univariate ANOVA Examining Effect of Age and Stress on 
Differentiation Coefficient  
ANOVA ROI F df p ηp
2 
Age      
 R-SFG 0.01 1, 39 0.93 0.00 
 R-Cingulate Gyrus† 3.03 1, 39 0.09 0.07 
 R-MFG* 4.92 1, 39 0.03 0.11 
 L-MFG 0.07 1, 39 0.79 0.00 
 R-Medial Frontal Gyrus 0.75 1, 39 0.39 0.02 
 L-ACC 0.86 1, 39 0.36 0.02 
 L-OFC 0.38 1, 39 0.54 0.01 
 R-Caudate 0.30 1, 39 0.58 0.01 
 L-Putamen 2.54 1, 39 0.12 0.06 
Stress      
 R-SFG† 3.33 1, 39 0.08 0.08 
 R-Cingulate Gyrus 0.01 1, 39 0.91 0.00 
 R-MFG 0.54 1, 39 0.47 0.01 
 L-MFG 0.22 1, 39 0.64 0.01 
 R-Medial Frontal Gyrus 0.02 1, 39 0.89 0.00 
 L-ACC 0.31 1, 39 0.58 0.01 
 L-OFC 0.54 1, 39 0.47 0.01 
 R-Caudate 0.53 1, 39 0.47 0.01 
 L-Putamen† 3.27 1, 39 0.08 0.08 
Age*Stress      
 R-SFG 1.20 1, 39 0.28 0.03 
 R-Cingulate Gyrus 0.89 1, 39 0.35 0.02 
 R-MFG 0.94 1, 39 0.34 0.02 
 L-MFG 0.01 1, 39 0.91 0.00 
 R-Medial Frontal Gyrus 0.21 1, 39 0.65 0.01 
 L-ACC 0.13 1, 39 0.72 0.00 
 L-OFC 0.18 1, 39 0.67 0.00 
 R-Caudate 0.23 1, 39 0.64 0.01 
  L-Putamen 0.04 1, 39 0.85 0.00 
Note. Univariate results from 2 (Stress: SECPT vs Control) x 2 (Age: Young vs Older) 
ANOVA performed on the valuation differential coefficients for each identified ROI. * p 






Gains and losses averaged across phase. Acute stress has been shown to reduce 
differential responding via blunting BOLD signal associated with positively valence 
stimuli (Porcelli, Lewis, & Delgado, 2012). To assess the independent effects of stress on 
positively and negatively valenced stimuli, parameter estimates associated with gains and 
losses were averaged across the two Phase levels (i.e., anticipation and outcome). Results 
paralleled the previous analysis are outlined in Appendix B. 
Gains and losses during each phase. While the above analyses offer potentially 
useful insights as to the effects of stress and age on reward processing, averaging across 
anticipation and outcome phases could mask potential effects that may be present in 
either phase alone. Given the number of comparisons associated with the forthcoming 
analytical method, the following results should be viewed as exploratory in nature. 
Specifically, a 2 (Stress: SECPT vs Control) x 2 (Age: Young vs Older) MANOVA was 
performed on four dependent variables (i.e., anticipation gain, anticipation loss, outcome 
gain, and outcome loss BOLD) for each of the 9 ROIs.  
At the multivariate level and before Bonferroni correction for multiple 
comparisons, the MANOVA above did not produce a significant Age x Stress interaction. 
The analysis did however, demonstrate significant age effects in multiple cortical and 
subcortical regions including the R-Cingulate Gyrus, R-Middle Frontal Gyrus, L-OFC, 
and R-Caudate. For example, older adults tended to demonstrate greater activation during 
the anticipation of financial gains and losses, compared to younger adults. This trend was 
observed in the L-OFC for both predictive gains and losses and in the R-Caudate and R-
Cingulate Gyrus for predictive gains only. In contrast, younger participants appeared 
more sensitive to the receipt of financial losses in the R-Cingulate Gyrus and R-Middle 
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Frontal Gyrus. No main effects of stress were observed (see Appendix C for a full list of 
MANOVA results, means, and standard deviations).  




Of note, a 2 (Sex: Male vs. Female) x 2 (Age: Younger vs. Older) x 2 (Stress 
Group: SECPT vs. Control) x 3 (Time: Baseline, Exposure, and Post-Exposure) mixed 
ANOVA on the current sample did not produce any significant effects or interactions 
including sex. Thus, sex was not included in subsequent analyses.  
HRV Reactivity. To assess the effects of age and stress on parasympathetically 
mediated HRV, a 2 (Age: Younger vs. Older) x 2 (Stress Group: SECPT vs. Control) x 3 
(Time: Baseline, Exposure, and Post-Exposure) mixed ANOVAs was performed on Time 
(RMSSD) and frequency (HF) P-HRV. When performed on RMSSD, results 
demonstrated main effects of time, F(2, 78) = 4.28, p < .05, ηp
2 = 0.98 and age, F(1, 39) = 
9.35, p < .01, ηp
2 = 0.195. No main effect of stress or interaction effects were observed. 
Thus, stress groups were combined for post-hoc follow-ups, which revealed significantly 
reduced RMSSD in the older adults compared to the younger adults at all three time 
points (see Figure 12).  
Performing the same analysis on HF revealed a significant main effect of time 
only, F(1.71, 78) = 8.84, p < .01, ηp
2 = 0.185. Collapsing across age and stress group for 
post-hoc follow-up analyses revealed a significant increase from the baseline time point 
to the exposure time point, followed by a significant decrease at post-exposure (see 
Figure 12). Given the absence of stress effect in the above analyses, a more detailed 
analysis exploring minute by minute changes in HF was performed. Importantly, this 
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procedure was carried out for HF only, as time domain measures are poorly suited for 
sample lengths less than 3 minutes (Task Force, 1996). Results from a 2 (Age: Younger 
vs. Older) x 2 (Stress Group: SECPT vs. Control) x 5 (Time: Baseline, Exposure: 1 min., 
2 min., 3 min., and Post Exposure) did not yield any significant effects (see Figure 12). 




Figure 12. Separate 2 (Age: Younger vs. Older) x 2 (Stress Group: SECPT vs. Control) x 
3 (Time: Baseline, Exposure, and Post-Exposure) mixed ANOVAs performed on Time 
(RMSSD) and frequency (HF) P-HRV. Results revealed main effects of time for both P-
HRV measures. A main effect of age was only observed for RMSSD. RMSSD was 
significantly reduced RMSSD in the older adults compared to the younger adults at all 
three time points. * p < .05.  
 
 
HRV and reward processing. To test the hypothesis that P-HRV reactivity was a 
stronger predictor of stress-related variations in BOLD during reward processing than 
baseline P-HRV and that this effect would be stronger in older adults, a series of multiple 
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regressions were conducted. Of note, due to consistent age and stress findings observed 
in the R-SFG and L-Putamen, the correlation analysis was restricted to the differential 
activation associated with these ROIs only. As this hypothesis is directed at stress-related 
changes in neural activation, analyses were restricted to the stress group only. First, 
bivariate Pearson’s correlations were performed on beta-weights extracted from the R-
SFG and left putamen and RMSSD and HF measured at rest and during the stress 
procedure (see Table 5). Results demonstrated a trending association between resting HF 
and differential activation in the R-SFG. The association between HF measured during 
the stress procedure (P-HRV reactivity) and differential activation in the R-SFG, 
however, reach statistical significance. As these correlations were not able to account for 
the potential moderating effect of age, assessment of this hypothesis was continued via a 




Pearson Correlations between HRV and Extracted Beta Weights  
  1 2 3 4 5 
1. Baseline RMSSD --     
2. Stress RMSSD 0.48* --    
3. Baseline HF 0.52* 0.58** --   
4. Stress-HF 0.42 0.70** 0.83** --  
5. R-SFG Diff. Coef. -0.11 -0.18  -0.42^  -0.48* -- 
6. L-Putamen Diff. Coef. -0.06 -0.17 -0.22 -0.33 0.05 
Note. Only beta weights extracted from clusters demonstrating a significant or 





Several HRV measures were intercorrelated. Therefore, in order to examine the 
effects of both time (RMSSD) and frequency (HF) HRV measures during both the 
baseline and SECPT procedure, separate regression models were utilized to avoid issues 
of collinearity and insufficient power. Independent variables for each regression analysis 
consisted of one HRV measure (e.g., baseline RMSSD, baseline HF, stress RMSSD, or 
Stress-HF), categorical age (dichotomized: old or young), and an HRV x Age Group 
interaction term. Of note, age was included as a dichotomized categorical variable, rather 
than continuous for several reasons. First, the current study sample was clearly bimodally 
distributed, representing two non-overlapping age groups (i.e., with more than a standard 
deviation difference between the oldest participant in the young group and the youngest 
participant in the older group; see Table 1 for descriptives). This line of reasoning is in 
line with MacCallum, Zhang, Preacher, and Rucker (2002) who suggest that 
dichotomized age, while rarely appropriate, is justified in situations in which there is 
clear evidence for the existence of two distinct groups within the observed sample and a 
clear scale point that differentiates the classes. Second, because the imaging data, which 
was included in this analysis, were derived from analyses involving dichotomized age 
groups, it seemed only appropriate to maintain consistency throughout the regression 
model. 
 These parameters yielded a total of eight regression analyses. It is also 
noteworthy that although these procedures cannot directly test significant differences 
between the various P-HRV measures, comparing standardized beta values between 
separate regression analyses is a valid means for assessing relative predictive strength 
(Gujarati, 2003). Of note, as previously mentioned, no significant sex effects on HRV nor 
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interactions between sex, age, and HRV were identified. Thus, sex was omitted from the 
regression analyses. Regressions were also performed hierarchically in three steps (i.e., 
P-HRV, Age Group, P-HRV X Age) and yielded the same primary findings. Given the 
similar results, the single step regression models are presented here.  
Regarding time domain measurements of HRV, neither baseline nor stress 
RMSSD accounted for a significant proportion of the variance in differential BOLD in 
either the R-SFG or L-Putamen (see Appendix D for results). Within the frequency 
domain, baseline HF accounted for ~36% of the variance in differential activation in the 
R-SFG (p = .056) but was not predictive of activation in the L-Putamen (see Table 6). 
Stress-HF preformed the best, as it accounted for 67% of the variance in differential 
activation in the R-SFG (p = .001) and 38% of the variance in activation in the L-
Putamen (p = .058). In the R-SFG, both Stress-HF and age were significant independent 
predictors of differential activation. A significant interaction between Stress-HF and age 
was also observed (p = .001) indicating that the effect of Stress-HF on differential 
activation in the R-SFG is significantly impacted by age. In the L-Putamen, Stress-HF 
was the only significant independent predictor (p = .022), though the interaction term was 
trending toward significance (p = .052). Examination of the standardized beta values 
revealed only marginal differences between resting P-HRV and HRV reactivity in the L-
Putamen. In R-SFG, however, results demonstrated that one standard deviation increase 
in HF reactivity was associated with a 1.7 standard deviation change in differential 
processing. Because the differential processing is not unidirectional (i.e., numbers 
expanding away from zero in either the positive or negative direction reflect greater 
differential processing), the nature of these effects are best explored graphically. 
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Group plots examining the nature of the Stress-HF x Age interaction in the R-
SFG demonstrated that increased HRV reactivity was associated with greater BOLD 
differential in the older group; HRV reactivity in the young group was only minimally 
related to differential activation in the R-SFG. In the L-Putamen, greater HRV reactivity 
was associated with greater differential activation in both age groups (see Figure 13).  To 
characterize this effect further, in the young group higher P-HRV was associated with a 
positive differential coefficient. This suggests that increased P-HRV during the stressor is 
was associated with greater BOLD for positive, relative to negative stimuli. The opposite 





HRV Regression Results-Frequency Domain 
 Model Summary  Coefficients 











   
    
 
Age Group  0.676 0.792 
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Age X HF^ 0.02 1.883 
0.05
2 
Note. Regression analyses assessing the impact of baseline P-HRV (Baseline HF) and P-
HRV reactivity (Stress-HF) on differential BOLD in R-SFG and L-Putamen for the stress 









Figure 13. Group plots examining Stress-HF by Age interaction in the R-SFG. Results 
demonstrated that increased P-HRV reactivity was associated with greater BOLD 
differential in the older group. -HRV reactivity in the young group was only minimally 
related to differential activation in the R-SFG. In the L-Putamen, greater P-HRV reactivity 
was associated with greater BOLD for positive, relative to negative stimuli in the young 












The current experiment had two broad goals, 1) to explore the effects of age and 
stress on reward processing, and 2) to examine the effects of P-HRV on stress-induced 
alterations in reward processing. Toward this end, groups of young and older adult 
participants performed a simple reward processing task after between-subjects 
application of a social evaluative cold pressor procedure (acute stress group) or a control 
procedure (no stress group). Salivary cortisol, heart rate, and skin conductance levels 
confirmed that the acute stressor was effective.  
Whole brain analyses of the rapid-event related RP task were conducted 
separately in each age group. Results revealed several PFC regions associated with robust 
differential BOLD between rewarding and punishing stimuli in both age groups, but with 
minimal anatomical overlap between the young and aged. In the young group, RP 
activation tended to occur in the dlPFC and dACC, whereas the older group displayed RP 
activation in more ventral midline structures (mPFC and ventromedial ACC). Combining 
the age-independent ROIs into a common ROI for between-group analyses demonstrated 
that older adults exhibited greater activation during the anticipation of financial gains and 
losses in the L-OFC and L-dlPFC, compared to younger adults. In contrast, younger 
participants appeared more sensitive to the receipt of financial losses in the R-Cingulate 
Gyrus. Stress effects were observed in the R-SFG and left putamen, which were driven 
largely by the older adult group. This suggests that the frontal and striatal regions of older 
adults may be more sensitive to stress-related changes in differential processing of 
positive and negative stimuli, a critical component of adaptive decision-making.  
63 
 
Regarding HRV, older adults demonstrated reduced baseline time domain P-HRV 
(i.e., RMSSD) relative to the young group. Frequency domain P-HRV (HF) significantly 
increased with concurrent decreases in HR during the acute stress procedure. Within the 
stress group, P-HRV reactivity was a stronger predictor of stress-related alterations in 
differential processing in R-SFG and left putamen, compared to baseline P-HRV. Finally, 
this effect was more robust in the older age group. These findings and their implications 
are discussed in more detail below.  




Partially consistent with hypothesis 1A, at the whole brain level several PFC 
regions demonstrated robust differential BOLD responses between rewarding and 
punishing stimuli. In the young group, differential activation was observed in bilateral 
middle frontal gyrus (i.e., corresponding to the dorsal lateral prefrontal cortices; dlPFC, 
BA 46 and 9), dorsal aspects of the right cingulate gyrus (dACC, BA 32), and right 
superior frontal gyrus [i.e., corresponding to the dorsomedial aspects of PFC (dmPFC), 
BA8]. The differential processing in the dlPFC and dACC was generally associated with 
increased activation during the receipt of financial gains relative to losses. In contrast, 
dmPFC activation was characterized by greater activation for losses compared to gains in 
the anticipation phase, while the opposite pattern was observed during the outcome phase 
(i.e., greater activation for gains compared to losses). In the older group, differential 
activation was observed in the left ventromedial anterior cingulate cortex (vmACC) and 
right medial frontal gyrus (mPFC) with greater activation for gains, relative to losses.  
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There are several qualitative differences between the resulting activation clusters 
derived separately for each age group. Broadly speaking, the older group demonstrated 
greater BOLD alterations during the anticipation phase, while the young group 
demonstrated greater BOLD alterations during the outcome phase. Additionally, the 
whole brain analysis yielded clusters localized to ventral and medial aspects of PFC in 
the older adults compared to clusters localized within dorsal and lateral PFC in the 
younger adults.  
That the current task elicited dlPFC engagement in the young group only is 
broadly consistent with previous work demonstrating more robust activation of dlPFC 
during reward delivery in young, relative to older participants (Dreher et al., 2008). This 
effect may reflect decreased neural sensitivity to salient rewards in older subjects, in 
agreement with cognitive studies demonstrating age-related reductions in dlPFC 
processing (Rajah & D'Esposito, 2005). Previous work also has indicated that the dACC 
projects to dlPFC and is associated with processing complex cognition, while ventral 
ACC projects to mPFC and tends to be more active during emotional processing (Bush, 
Luu, & Posner, 2000). Combined with evidence associating activation in ventral ACC 
relative to dorsal ACC during anticipation (Rogers et al., 2004), the current results 
suggest an age-related shift from cognitive processing of outcome receipt to emotional 
processing of outcome anticipation.  
One possible explanation regarding this age-related shift in dorsolateral to ventral 
medial processing relates to potential age-related changes in salience network neural 
processing. The salience network is a large-scale network anchored by the anterior insula. 
It plays a critical role in shifting between dlPFC mediated executive functions (i.e., the 
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executive network; EN) and vmPFC mediated introspection and emotional processing 
(i.e., default mode network; DMN). Using resting state fMRI (rs-fMRI), which infers 
regional brain connectivity via correlated BOLD fluctuations, disconnections between the 
salience network and EN/DMN have been associated with normal aging (Menon, 2015). 
Moreover, reduced connectivity of the salience network has been related to executive 
decline in aging (Onoda, Ishihara, & Yamaguchi, 2012).  
Because the current task was designed to examine reward processing but not of 
learning and decision-making per se, determining the (mal)adaptive value of an age-
related dorsolateral-ventromedial shift in the current study is not possible. As different 
environmental contexts likely require varying degrees of executive vs. introspective 
processing to maximize adaptive outcomes, the ability to flexibly shift between “styles” 
of processing critical. Although the current study did not examine participants’ ability to 
shift between EN and DMN, the different patterns of activation between age groups may 
suggest that the young adults were engaging in more critical thinking in an attempt to 
maximize their overall earnings. In contrast, older adults may have experienced a 
heightened emotional response during the task. That is, older adults have been more 
inclined to consider how their performance might be related to their current cognitive 
functioning. Several reports have indicated that older adults are becoming increasingly 
concerned about age-related cognitive decline (e.g., Cutler & Brăgaru, 2015), especially 
the population of older adults who agree to participate in research specifically examining 









Direct post-hoc comparison of functional activation between age groups 
confirmed the qualitative observations above; older adults tended to demonstrate greater 
BOLD during anticipation of financial gains and losses compared to younger adults. This 
was observed in both the L-OFC and L-dlPFC for both predictive gains and losses and in 
the R-Caudate for predictive gains only. In contrast, younger participants appeared more 
sensitive (i.e., greater BOLD deviations) to the receipt of financial losses in the R-
Cingulate Gyrus.  
Limited fronto-striatal engagement during rewarding outcomes in the older group 
is consistent with a number studies reporting similar findings (Schott et al., 2007); 
(Nielsen et al., 2008; Samanez-Larkin et al., 2007), but departs from a number of other 
reports indicating similar BOLD responses for outcomes in both young and older adults 
(Cox et al., 2008; Samanez-Larkin et al., 2007; Samanez-Larkin et al., 2014; Schott et al., 
2007; Vink et al., 2015). The departure of the current study from previous work may be 
due to several factors, the most notable of which, relates to the speed of stimuli 
presentation in the current task. Previous work that has identified robust fronto-striatal 
activation for reward outcomes have employed a slow event-related design, with inter-
trial intervals (ITIs) of 10-30 seconds. The pace of stimuli in the current study was 
considerably faster, which were displayed every 3 seconds on average. Given that older 
adults often display reduced engagement of fronto-striatal regions for reward outcomes 
during more complex reward processing tasks (e.g., probabilistic learning tasks; Eppinger 
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et al., 2011), similar findings in the current study could be attributed to age-related 
deficits in processing speed.  
Additionally, increased BOLD activation for anticipatory financial gains and 
losses in the older adults, relative to the younger adults may be due to age-related 
decreases in inhibitory control. Even in healthy aging inhibitory control has been shown 
to decline more rapidly than other cognitive domains such as working memory (Sweeney, 
Rosano, Berman, & Luna, 2001). Though not specifically examined in older adults, 
researchers have demonstrated a link between impulsivity in adolescents and heightened 
reactivity in anticipation of rewards compared with adults (Geier, Terwilliger, Teslovich, 
Velanova, & Luna, 2009). Furthermore, disconnectivity of the salience network and 






In partial support of hypothesis 1B, stress was associated with reduced differential 
BOLD in the dmPFC and left putamen (collapsed across age groups). As part of the 
dorsal striatum, the putamen has been posited to play a key role in reward processing and 
is sensitive to acute stress. For example, acute stress-related reductions in putamen in 
relation to primary (food images; Born et al., 2009) and secondary rewards (monetary 
value; Porcelli et al., 2012) have been observed. Decreased sensitivity to reward 
processing in the putamen have important clinical applications with respect to decision-
making and emotional functioning. As part of the dorsal striatum, the putamen has been 
posited to play a role in the maintenance of response-reward outcomes in order to guide 
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future decisions (O’Doherty, 2004; Tricomi, Delgado, & Fiez, 2004). Thus, the reduced 
ability of the putamen to distinguish between rewarding vs. punishing outcomes, hinders 
one’s ability to use the outcome of previous choices to guide future decisions. Striatum in 
general and putamen specifically has also been associated with anhedonia (loss of 
pleasure and reward-seeking behavior) commonly observed in depression (Sacchet et al., 
2016). Comparing brain MRIs of patients with major depressive disorder (MDD) and 
healthy controls, researchers found putamen-specific reductions in grey matter volume in 
the MDD group.  
Stress-related reductions in differential reward processing in the dmPFC observed 
in the current study may also have significant implications for decision-making. 
Structural and functional imaging studies suggests that the dmPFC (i.e., specifically right 
SFG) is involved with attention and executive functions. For example, reduced cortical 
thickness of right SFG has been associated with inattention on self-report measures 
(Schilling et al., 2012), while functional studies have linked right SFG to inhibitory 
control (Schel et al., 2014) and task switching (Leunissen et al., 2014). Additionally, 
acute stress has been found to interact with dmPFC (Radley, Arias, & Sawchenko, 2006) 
and reduced cognitive performance on measures of attention and executive functioning 
(Shields, Sazma, & Yonelinas, 2016). Combined with results from the current study, 
dmPFC may be uniquely implicated with stress-related alterations in decision-making 













Consistent with hypothesis 1C, stress effects observed in the dmPFC and left 
putamen were driven largely by the older adult group, thus demonstrating increased 
sensitivity to stress-related reductions in differential reward processing in the frontal and 
striatal regions of older compared to younger adults. The current findings support and 
extend results from Mather and colleagues (2009), which indicated greater stress-induced 
changes to risky decisions in older adults. Specifically, the current results implicate the 
dmPFC and left putamen, regions known to play a role in inhibitory control and reward 
processing, as potential mediators of this stress-related alteration in decision-making in 
older adults. Mechanistically, the current findings are in line with the notion that fronto-
striatal processing in older adults may be especially sensitive to stress, given age-related 
reductions in DA receptor concentration (Volkow et al., 1998; Wang et al., 1995) and 
marked atrophy (Raz, 2000) in both the PFC and striatum.  
These findings also have important clinical implications. Specifically, 
maladaptive decisions made during older adulthood may lead to serious consequences 
such as an increased risk of financial exploitation (for review, see Spreng et al., 2016). 
Thus, understanding the effects of stress, age, and the interaction of the two are critically 
important. The present findings suggest that acute stress decreases reward related 
activation in regions critical for inhibitory control and that this effect is more severe in 
older adults. Thus, older adults, who experience acute stressors may be at an increased 








The second major aim of this project was to examine the potential mediating role 
of baseline P-HRV and P-HRV reactivity to cold stress in stress-induced alterations of 
reward processing. P-HRV was assessed via traditional time (RMSSD) and frequency 
(HF) domain statistics. Consistent with hypothesis 2A, resting RMSSD, but not HF, was 
significantly lower in older adults compared to younger adults. This finding is consistent 
with a large literature base demonstrating age related reductions in baseline P-HRV 
(Sosnowski et al., 2002). It is not clear why this effect was only observed for the RMSSD 
measure of P-HRV. One explanation for these findings is that erratic HR rhythms caused 
by poor coordination between the sinoatrial and atrioventricular nodes in older adults 
increase non-parasympathetic variability and artificially inflated measures of P-HRV 
(Stein, Le, & Domitrovich, 2008). While this effect was not controlled for in the current 
study, the present results add to the literature by suggesting that HF, relative to RMSSD, 
may be more sensitive to artificial inflation. 
In response to acute Stress, HF (and not RMSSD) exhibited a significant increase 
from baseline. The effect was complicated by a similar increase from base line to 
exposure for the control group as well. One explanation for increased HF during the 
control procedure is related to changes in respiration, which were not controlled for in the 
current study. Additionally, participants may have experienced some form of relief once 
they realized they were not randomly assigned to the stress group; increased relaxation 
has been shown to increase P-HRV (Markil, Whitehurst, Jacobs, & Zoeller, 2012). 
Nevertheless, only the acute stress group demonstrated concurrent reductions in HR, 
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which started during the second minute of the stress procedure and returned to baseline 
levels during the third minute. As reduced HR during CPT has been associated with 
increased vagal activation, it is probable that only the increased HF observed in the stress 
group was associated with increased parasympathetic activation. 




The last hypothesis examined in the current study was that increased stress-related 
P-HRV reactivity would be a stronger predictor of stress-related alterations in differential 
reward-processing, particularly in older adults. Results from simple correlations provided 
initial evidence to support this hypothesis. Specifically, only Stress-HF was significantly 
associated with differential processing of gains and losses. In a series of multiple 
regressions, Baseline-HF accounted for ~36% of the variance in differential activation in 
the dmPFC and was not predictive of activation in the left putamen. In contrast, Stress-
HF accounted for 67% of the variance in differential activation in the dmPFC and 38% of 
the variance in activation in the left putamen. Furthermore, a significant interaction 
between Stress-HF and age was observed, which indicated that the effect of Stress-HF on 
differential activation in the dmPFC was primarily driven by the older group. In both the 
dmPFC and left putamen, increased P-HRV reactivity to acute stress was associated with 
increased differential engagement after exposure to acute stress. Given the nature of these 
effects, one possible explanation for the findings above is that greater HRV during acute 
stress may be associated with greater reward sensitivity in the putamen and increased 
activation for losses over gains in the dlPFC.  
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These findings suggest that increased P-HRV reactivity may protect against 
stress-related reductions in reward processing sensitivity in both prefrontal and striatal 
regions. This interpretation is consistent with previous studies demonstrating that greater 
P-HRV reactivity during CPT is associated with lower levels of depression (Sanchez-
Gonzalez et al., 2013) and better memory consolidation (Larra et al., 2014). Additionally, 
the current finding, that P-HRV reactivity was a stronger predictor of reward processing, 
is consistent with previous studies reporting greater neurocognitive associations with P-
HRV reactivity relative to resting P-HRV (Heponiemi et al., 2004; Nicolini et al., 2014; 
Wood et al., 2002).  
The mechanisms underlying the observed association between P-HRV reactivity 
and RP in the current study are not easily identified (and beyond the scope of the current 
manuscript). Previous work investigating central control of vagal activation produced by 
the CPT has been limited to brainstem regions (Robbe et al., 1987); less is known about 
the role of the PFC and striatum. Thayer’s neurovisceral integration hypothesis (Thayer 
& Lane, 2009) suggests that autonomic functioning is regulated, at least in part, by a 
range of central nervous system structures, which overlap with those associated with EF. 
Decreases in HRV are thought to be associated with reduced inhibitory control of the 
central autonomic network, which is mediated by forebrain regions. Among these 
forebrain regions, the PFC (and mPFC specifically) has been demonstrated to be a key 













The results of the current study should viewed in the context of its limitations. 
Given the aims of the study, the lack of striatal activation derived from the whole brain 
analyses was unexpected and inconsistent with previous reports employing similar 
designs (Delgado, Nystrom, Fissell, Noll, & Fiez, 2000b; Porcelli et al., 2012). Several 
factors may have contributed to this including reduced power as a result of small sample 
size, task design (i.e., rapid event), and excluding the low magnitude trials from analyses. 
Porcelli and colleagues (2012) utilized data from 32 participants with half undergoing an 
acute stress procedure. Though the sample size of the current study was larger (n=43), 
whole brain analyses were conducted separately for the young (n=22) and older (n=21) 
groups due to gross, age-related neuroanatomical differences between the age groups. 
While Delgado (2000) only utilized data from nine participants, no between group 
variables were assessed. Combined, these suggest including more participants in the 
current sample would increase the likelihood of identifying significant stress-valence 
interactions. Indeed, several small clusters located within the dorsal striatum were 
originally observed in the whole brain analysis but did not survive cluster-level 
thresholding. The inability in the current study to assess decision and anticipation 
separately may also be viewed as a limiting factor. Exploring the potential impact of 
combining decision and anticipation on the interpretation of results in the discussion was 
considered. However, given the extreme simplicity of the decisions in the current study, 
the fact that the decision was immediately followed by the predictive stimuli, and in an 
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effort to maintain parsimony, the potential impact of choice was not considered in the 
current project. 
It is also not entirely clear why the current study failed to produce OFC activation 
as observed in previous studies employing a similar RP task. One possible reason may be 
related to the use of rapid event design used in the current study (i.e., with an average ITI 
of 3 seconds), compared to the slow designs used previously (i.e., with ITIs of 10-12 
seconds; Porcelli et al., 2012). Analysis of rapid event designs allow for increased 
number of trials per task run, but at a significant cost to power. Additionally, although 
imaging acquisition technique was optimized for OFC acquisition via oblique AC-PC 
slice orientation, persisting technical difficulties inherently associated with imaging the 
human OFC (Deichmann, Gottfried, Hutton, & Turner, 2003), may also have limited 
detection of OFC activation in the present study.  
 Finally, an additional limitation pertains to conceptual and methodological factors 
regarding P-HRV. At the conceptual level, the extent to which P-HRV is mediated by 
central vs. peripheral control during cold stress is unclear. While a direct investigation 
into this matter was beyond the scope of the current project, caution is warranted when 
associating P-HRV reactivity to cold stress with BOLD signals in the PFC. From a 
methodological perspective, the current study was unable to obtain reliable respiration 
data from participants during the physiological recording window (i.e., before, during, 
and after exposure to SECPT/control). Although respiration and blood pressure 
recordings are necessary in most circumstances to accurately examine P-HRV, the 
absence of these data in the current study may be viewed as a study limitation, 







The current study examined the influence of acute stress, autonomic reactivity, 
and age on neural responses associated with reward processing. Notable findings 
highlight anatomically distinct patterns of activation underlying reward processing in 
older versus younger adults. In the young group, RP activation tended to occur in the 
dlPFC and dACC, whereas the older group displayed RP activation in more ventral 
midline structures (mPFC and ventromedial ACC). Additionally, exposure to acute stress 
significantly reduced differential engagement of the dmPFC and left putamen, an effect 
driven largely by older adults. These findings offer preliminary support for the proposal 
that the aged may be at increased risk for stress-related changes in neural processing of 
rewards and punishments.  
With regard to autonomic function, parasympathetic reactivity (measured via 
HRV) during acute stress exposure predicted differential BOLD. In the mPFC, this effect 
was significantly moderated by age. The mPFC has been an anchoring point for P-HRV, 
inhibitory control, and decision-making, and is susceptible to aversive stress effects, thus 
this region is a prime target for future investigations into the impact of stress on cognitive 
functioning in older adults. Furthermore, parasympathetic reactivity during acute stress 
may be a viable biomarker for predicting stress-related alterations in fronto-striatal 
reward processing (particularly in older adults).  
Given that maladaptive decisions made during older adulthood may lead to serious 
consequences such as an increased risk of financial exploitation (for review, see Spreng 
et al., 2016) and likely lead to poorer health outcomes, understanding the effects of stress, 
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age, and the interaction of the two are critically important. As the number of older adults 
continue to increase, so too does the urgency of understanding the important process of 
making-decisions as we age. The present study represents a “first step” in decomposing 
this complex multivariate relationship and presents HRV as a potentially useful tool for 
assessing stress-related alterations in the decision-making process of older adults. The 
current study also highlights the complexity of aging, stress, and decision-making and 
clearly demonstrates the need for additional research into each construct individually. 
There are also, however, clear limits to understanding dynamic interacting constructs 
without interdisciplinary contribution. Thus, burgeoning interdisciplinary fields such as 
neuroeconomics are well positioned to further expand our understanding of human 
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Table A1  
 
Means and Standard Deviations for Valence Differentiation Coefficients 
 
 Young  Old 
 No Stress Stress  No Stress Stress 
ROI Mean SD Mean SD   Mean SD Mean SD 
R-SFG 0.16 0.25 0.08 0.32  0.28 0.31 -0.05 0.53 
R-Cing Gyr 0.25 0.56 0.38 0.59  0.12 0.31 -0.05 0.56 
R-MFG 0.46 0.61 0.17 0.52  -0.09 0.40 -0.05 0.66 
L-MFG 0.23 0.62 0.13 0.56  0.16 0.61 0.10 0.63 
R-Med FG 0.06 0.58 0.14 0.30  0.25 0.46 0.20 0.47 
L-ACC 0.05 0.56 0.18 0.41  0.23 0.44 0.26 0.43 
L-OFC 0.13 0.48 0.32 0.35  0.10 0.68 0.15 0.54 
R-Caudate 0.06 0.68 0.02 0.49  0.23 0.24 0.03 0.56 













Acute stress has been shown to reduce differential responding via blunting BOLD 
signal associated with positively valence stimuli. To assess the dependent effects of stress 
on positively and negatively valenced stimuli, beta-weights associated with gains and 
losses were averaged across the two Phase levels (i.e., anticipation and outcome). This 
action produced two dependent variables representing average activation for gains and 
average activation for losses. Next, the impact of stress and age on activation associated 
with financial gains and losses was assessed via a 2 (Stress: SECPT vs Control) x 2 (Age: 
Young vs Older) MANOVA. Of note, given the high degree of correlation between the 
dependent variables, a MANOVA was employed to reduce the unnecessary negative 
impact of multi-collinearity on statistical power. Paralleling the differential processing 
analysis above, results revealed a trending main effect of age within the R-Middle Frontal 
Gyrus, F (2, 38) = 2.71, p = .08; Wilk's Λ = 0.875, partial η2 = .13 and the R-Cingulate 
Gyrus, F (2, 38) = 2.21, p = .13; Wilk's Λ = 0.899, partial η2 = .10. Though not surviving 
Bonferroni correction (which reduced alpha to p < .025), this effect appeared to be driven 
by lower levels of activation for negatively valenced stimuli in the young group, relative 
to the older group, in both regions (R-Middle Frontal Gyrus: F (1, 39) = 4.05; p = .05; 
partial η2 = .09, and R-Cingulate Gyrus: F (1, 39) = 4.17; p = .048, partial η2 = .10; see 





Figure B1. Graphical representation of trending main effect of age derived from a 2 (Stress: 
SECPT vs Control) x 2 (Age: Young vs Older) MANOVA performed on the betas for gains 
(positive) and losses (negative) collapsed across task phase and stress group. Post-hoc 
analysis revealed that the main effect of age appeared to be driven by lower levels of 
activation for negatively valenced stimuli in the young group, relative to the older group 
(R-Middle Frontal Gyrus (p = .05) and R-Cingulate Gyrus (p = .048).  
 
 
Again paralleling the original analysis, the above MANOVA also exhibited 
trending main effects of stress in the R-Superior Frontal Gyrus, F (2, 38) = 1.77, p = .19; 
Wilk's Λ = 0.915, partial η2 = .09 and L-Putamen, F (2, 38) = 2.09, p = .14; Wilk's Λ = 
0.901, partial η2 = .10. In the R-Superior Frontal Gyrus, stress was associated with 
nonsignificant reductions in activation for positively valenced stimuli, F (1, 39) = 
1.82; p = .185; partial η2 = .04, with minimal effects on activation for negatively valenced 
stimuli, F (1, 39) = 0.29; p = .590; partial η2 = .01. A similar trending stress effect for 
positively valenced stimuli, F (1, 39) = 3.06; p = .088; partial η2 = .07, but not negatively 
valenced stimuli, F (1, 39) = 0.35; p = .0559; partial η2 = .01 was also observed in the L-
Putamen (see Figure B2). Of note, no significant age-stress interaction effects were 






Figure B2. Graphical representation of trending main effect of stress derived from a 2 
(Stress: SECPT vs Control) x 2 (Age: Young vs Older) MANOVA performed on the betas 
for gains (positive) and losses (negative) collapsed across task phase and age group. Post-
hoc analysis revealed that the main effect of stress appeared to be driven by reduced BOLD 
for positively valenced stimuli stress group, relative to the no stress group, (R-Middle 






Table B1     
 
 Means and Standard Deviations for Positive and Negatively Valenced Stimuli across Reward Phase               
                     Young                    Old 
          Positive   Negative        Positive       Negative 
 No Stress Stress  No Stress Stress  No Stress Stress  No Stress Stress 
ROI Mean SD Mean SD   Mean SD Mean SD   Mean SD Mean SD   Mean SD Mean SD 
R-SFG 0.09 0.32 0.00 0.33  -0.07 0.33 -0.08 0.51  0.16 0.34 -0.04 0.40  -0.12 0.27 0.01 0.34 
R-Cingulate Gyrus 0.12 0.32 -0.03 0.45  -0.13 0.37 -0.41 0.58  0.14 0.26 0.00 0.50  0.02 0.37 0.05 0.60 
R-MFG 0.35 0.46 0.00 0.44  -0.11 0.42 -0.17 0.40  0.06 0.22 0.04 0.57  0.14 0.38 0.09 0.44 
L-MFG 0.20 0.49 0.13 0.40  -0.03 0.42 0.00 0.49  0.31 0.34 0.25 0.52  0.14 0.48 0.16 0.47 
R-Medial Frontal Gyrus 0.08 0.45 0.02 0.39  0.03 0.58 -0.12 0.35  0.35 0.43 0.15 0.50  0.10 0.47 -0.05 0.35 
L-ACC 0.16 0.53 0.05 0.31  0.11 0.54 -0.13 0.38  0.21 0.36 0.10 0.42  -0.02 0.34 -0.16 0.29 
L-OFC 0.21 0.41 -0.07 0.44  0.08 0.62 -0.39 0.37  0.26 0.55 0.25 0.35  0.16 0.49 0.10 0.52 
R-Caudate 0.02 0.54 -0.11 0.41  -0.05 0.73 -0.14 0.52  0.12 0.26 0.13 0.52  -0.11 0.31 0.09 0.44 




Table B2     
 
 Multivariate Results Examining Age and Stress on Positive and Negatively Valenced Stimuli Across Reward Phase 
 ROI Wilks'  λ F df p ηp
2 
Age       
 R-SFG 1.00 0.02 2, 38 0.98 0.00 
 R-Cingulate Gyrus 0.90 2.21 2, 38 0.13 0.10 
 R-MFG^ 0.88 2.71 2, 38 0.08 0.13 
 L-MFG 0.95 9.24 2, 38 0.41 0.05 
 R-Medial Frontal Gyrus 0.95 1.00 2, 38 0.38 0.05 
 L-ACC 0.98 0.43 2, 38 0.65 0.02 
 L-OFC 0.91 1.83 2, 38 0.17 0.09 
 R-Caudate 0.96 0.73 2, 38 0.49 0.04 
 L-Putamen 0.94 1.26 2, 38 0.30 0.06 
Stress       
 R-SFG 0.92 1.77 2, 38 0.19 0.09 
 R-Cingulate Gyrus 0.96 0.80 2, 38 0.46 0.04 
 R-MFG 0.95 0.95 2, 38 0.40 0.05 
 L-MFG 0.99 1.31 2, 38 0.88 0.01 
 R-Medial Frontal Gyrus 0.97 0.69 2, 38 0.51 0.04 
 L-ACC 0.94 1.21 2, 38 0.31 0.06 
 L-OFC 0.93 1.42 2, 38 0.26 0.07 
 R-Caudate 0.99 0.27 2, 38 0.77 0.01 
 L-Putamen 0.90 2.09 2, 38 0.14 0.10 
Age*Stress       
 R-SFG 0.97 0.59 2, 38 0.56 0.03 
 R-Cingulate Gyrus 0.97 0.57 2, 38 0.57 0.03 
 R-MFG 0.96 0.75 2, 38 0.48 0.04 
 L-MFG 1.00 0.01 2, 38 0.99 0.00 
 R-Medial Frontal Gyrus 0.99 0.15 2, 38 0.86 0.01 
 L-ACC 1.00 0.09 2, 38 0.92 0.00 
 L-OFC 0.95 0.94 2, 38 0.40 0.05 
 R-Caudate 0.98 0.41 2, 38 0.67 0.02 
 L-Putamen 0.99 0.14 2, 38 0.87 0.01 
Note. ^ p < .10 
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Table B3       
 
Univariate Results from MANOVA Examining Age and Stress on Positive and Negatively Valenced Stimuli Across Reward Phase 
   Positive   Negative 
MANOVA ROI   F df p ηp2  F df p ηp
2 
Age            
 R-SFG  0.02 1, 39 0.90 0.00  0.04 1, 39 0.84 0.00 
 R-Cingulate Gyrus^  0.06 1, 39 0.81 0.00  4.17 1, 39 0.05 0.10 
 R-MFG^  0.89 1, 39 0.35 0.02  4.05 1, 39 0.05 0.09 
 L-MFG  0.73 1, 39 0.40 0.02  1.37 1, 39 0.25 0.03 
 R-Medial Frontal Gyrus  2.03 1, 39 0.16 0.05  0.26 1, 39 0.62 0.01 
 L-ACC  0.16 1, 39 0.69 0.00  0.43 1, 39 0.52 0.01 
 L-OFC^  1.93 1, 39 0.17 0.05  3.25 1, 39 0.08 0.08 
 R-Caudate  1.49 1, 39 0.23 0.04  0.24 1, 39 0.63 0.01 
 L-Putamen  0.85 1, 39 0.36 0.02  1.03 1, 39 0.32 0.03 
Stress            
 R-SFG  1.82 1, 39 0.19 0.04  0.29 1, 39 0.59 0.01 
 R-Cingulate Gyrus  1.40 1, 39 0.24 0.03  0.71 1, 39 0.41 0.02 
 R-MFG  1.87 1, 39 0.18 0.05  0.22 1, 39 0.64 0.01 
 L-MFG  0.23 1, 39 0.64 0.01  0.02 1, 39 0.88 0.00 
 R-Medial Frontal Gyrus  0.90 1, 39 0.35 0.02  1.16 1, 39 0.29 0.03 
 L-ACC  0.75 1, 39 0.39 0.02  2.37 1, 39 0.13 0.06 
 L-OFC  1.13 1, 39 0.29 0.03  2.72 1, 39 0.11 0.07 
 R-Caudate  0.19 1, 39 0.67 0.00  0.13 1, 39 0.72 0.00 
 L-Putamen  3.06 1, 39 0.09 0.07  0.35 1, 39 0.56 0.01 
Age*Stress            
 R-SFG  0.23 1, 39 0.63 0.01  0.40 1, 39 0.53 0.01 
 R-Cingulate Gyrus  0.00 1, 39 0.97 0.00  1.07 1, 39 0.31 0.03 
 R-MFG  1.52 1, 39 0.23 0.04  0.00 1, 39 1.00 0.00 
 L-MFG  0.01 1, 39 0.93 0.00  0.00 1, 39 0.95 0.00 
 R-Medial Frontal Gyrus  0.27 1, 39 0.61 0.01  0.00 1, 39 0.97 0.00 
 L-ACC  0.00 1, 39 0.97 0.00  0.14 1, 39 0.71 0.00 
 L-OFC  1.00 1, 39 0.32 0.03  1.64 1, 39 0.21 0.04 
 R-Caudate  0.26 1, 39 0.61 0.01  0.82 1, 39 0.37 0.02 







Table C1       
 
Means and Standard Deviations for Positive and Negatively Valenced Stimuli during Anticipation and Outcome 
 Young 
 Positive   Negative 
 No Stress Stress  No Stress Stress 
ROI Mean SD Mean SD   Mean SD Mean SD 
Anticipation Phase          
R-SFG -0.15 0.43 -0.13 0.54  0.08 0.42 0.14 0.52 
R-Cingulate Gyrus -0.12 0.47 -0.16 0.61  0.23 0.67 -0.07 0.41 
R-MFG -0.12 0.50 0.03 0.37  0.11 0.48 0.10 0.37 
L-MFG -0.10 0.54 -0.10 0.39  -0.12 0.46 -0.11 0.41 
R-Medial Frontal Gyrus 0.03 0.44 -0.15 0.69  0.20 0.77 -0.05 0.40 
L-ACC -0.07 0.51 -0.17 0.63  0.24 0.74 -0.13 0.43 
L-OFC -0.03 0.46 -0.05 0.62  0.10 0.64 -0.18 0.42 
R-Caudate -0.12 0.53 -0.26 0.57  0.18 0.64 -0.17 0.56 
L-Putamen -0.09 0.55 0.08 0.77  0.28 0.75 0.31 0.66          
Outcome Phase          
R-SFG 0.33 0.47 0.12 0.43  -0.22 0.71 -0.31 0.65 
R-Cingulate Gyrus 0.36 0.50 0.10 0.66  -0.49 0.61 -0.76 0.88 
R-MFG 0.82 0.65 -0.04 0.67  -0.33 0.60 -0.44 0.57 
L-MFG 0.50 0.71 0.35 0.68  0.06 0.76 0.11 0.84 
R-Medial Frontal Gyrus 0.13 0.76 0.20 0.56  -0.14 0.69 -0.18 0.46 
L-ACC 0.39 0.67 0.28 0.48  -0.02 0.65 -0.12 0.70 
L-OFC 0.45 0.70 -0.08 0.79  0.05 0.83 -0.60 0.56 
R-Caudate 0.16 1.12 0.03 0.53  -0.27 1.02 -0.10 0.84 
L-Putamen 0.33 0.82 -0.33 0.54   -0.09 0.87 -0.10 0.80 
 




Means and Standard Deviations for Positive and Negatively Valenced Stimuli during Anticipation and Outcome  
  Old 
 Positive   Negative 
 No Stress Stress  No Stress Stress 
ROI Mean SD Mean SD   Mean SD Mean SD 
Anticipation Phase          
R-SFG 0.08 0.39 0.08 0.49  0.12 0.30 0.16 0.49 
R-Cingulate Gyrus 0.27 0.56 0.16 0.54  0.08 0.49 0.11 0.59 
R-MFG 0.24 0.53 0.14 0.53  0.12 0.56 0.14 0.68 
L-MFG 0.31 0.51 0.30 0.55  0.21 0.49 0.41 0.72 
R-Medial Frontal Gyrus 0.41 0.53 0.08 0.39  0.16 0.46 -0.04 0.49 
L-ACC 0.25 0.51 0.04 0.40  -0.04 0.24 -0.06 0.59 
L-OFC 0.57 0.54 0.39 0.43  0.32 0.56 0.31 0.43 
R-Caudate 0.31 0.54 0.13 0.39  0.04 0.57 0.07 0.39 
L-Putamen 0.41 0.31 0.16 0.62  0.11 0.40 0.01 0.61 
          
Outcome Phase          
R-SFG 0.23 0.72 -0.16 0.77  -0.36 0.48 -0.13 0.57 
R-Cingulate Gyrus 0.01 0.43 -0.16 0.71  -0.04 0.56 -0.01 0.84 
R-MFG -0.13 0.63 -0.06 0.88  0.17 0.75 0.03 0.57 
L-MFG 0.30 0.79 0.20 1.00  0.08 0.82 -0.09 0.71 
R-Medial Frontal Gyrus 0.28 0.60 0.22 0.81  0.04 0.68 -0.06 0.57 
L-ACC 0.18 0.55 0.16 0.63  0.01 0.65 -0.26 0.48 
L-OFC -0.05 0.74 0.12 0.53  0.00 0.82 -0.11 0.83 
R-Caudate -0.08 0.58 0.12 0.89  -0.26 0.45 0.11 0.61 





Table C3      
 
MANOVA Examining Age and Stress on Positive and Negatively Valenced Stimuli Across Reward Phase  
 ROI Wilks'  λ F df p ηp
2 
Age       
 R-SFG 0.93 0.72 4, 36 0.58 0.07 
 R-Cingulate Gyrus 0.73 3.36 4, 36 0.02 0.27 
 R-MFG 0.65 4.80 4, 36 0.00 0.35 
 L-MFG 0.79 2.39 4, 36 0.07 0.21 
 R-Medial Frontal Gyrus 0.85 1.61 4, 36 0.19 0.15 
 L-ACC 0.85 1.59 4, 36 0.20 0.15 
 L-OFC 0.74 3.22 4, 36 0.02 0.26 
 R-Caudate 0.76 2.83 4, 36 0.04 0.24 
 L-Putamen 0.79 2.40 4, 36 0.07 0.21 
Stress       
 R-SFG 0.90 0.97 4, 36 0.44 0.10 
 R-Cingulate Gyrus 0.95 0.48 4, 36 0.75 0.05 
 R-MFG 0.92 0.82 4, 36 0.52 0.08 
 L-MFG 0.97 0.28 4, 36 0.89 0.03 
 R-Medial Frontal Gyrus 0.93 0.69 4, 36 0.61 0.07 
 L-ACC 0.94 0.59 4, 36 0.67 0.06 
 L-OFC 0.92 0.78 4, 36 0.55 0.08 
 R-Caudate 0.91 0.89 4, 36 0.48 0.09 
 L-Putamen 0.89 1.14 4, 36 0.35 0.11 
Age*Stress       
 R-SFG 0.97 0.30 4, 36 0.87 0.03 
 R-Cingulate Gyrus 0.95 0.49 4, 36 0.74 0.05 
 R-MFG 0.86 1.44 4, 36 0.24 0.14 
 L-MFG 0.98 0.15 4, 36 0.96 0.02 
 R-Medial Frontal Gyrus 0.98 0.16 4, 36 0.96 0.02 
 L-ACC 0.95 0.53 4, 36 0.72 0.06 
 L-OFC 0.91 0.90 4, 36 0.47 0.09 
 R-Caudate 0.92 0.77 4, 36 0.55 0.08 






Table C4      
 
Univariate Results from MANOVA Examining Age and Stress on Positive and Negatively Valenced Stimuli-Anticipation Phase Only 
   Anticipation Phase 
   Positive   Negative 
 ROI   F df p ηp
2  F df p ηp
2 
Age R-SFG  2.38 1, 39 0.13 0.06  0.04 1, 39 0.84 0.00 
 R-Cingulate Gyrus  4.68 1, 39 0.04 0.11  0.01 1, 39 0.92 0.00 
 R-MFG  2.46 1, 39 0.12 0.06  0.02 1, 39 0.88 0.00 
 L-MFG  7.03 1, 39 0.01 0.15  6.67 1, 39 0.01 0.15 
 R-Medial Frontal Gyrus  3.72 1, 39 0.06 0.09  0.00 1, 39 0.94 0.00 
 L-ACC  2.94 1, 39 0.09 0.07  0.40 1, 39 0.53 0.01 
 L-OFC  11.03 1, 39 0.00 0.22  4.91 1, 39 0.03 0.11 
 R-Caudate   7.01 1, 39 0.01 0.15  0.08 1, 39 0.78 0.00 
 L-Putamen  2.68 1, 39 0.11 0.06  1.48 1, 39 0.23 0.04 
Stress R-SFG  0.00 1, 39 0.95 0.00  0.14 1, 39 0.71 0.00 
 R-Cingulate Gyrus  0.19 1, 39 0.67 0.00  0.60 1, 39 0.44 0.02 
 R-MFG  0.03 1, 39 0.87 0.00  0.00 1, 39 0.98 0.00 
 L-MFG  0.00 1, 39 0.97 0.00  0.38 1, 39 0.54 0.01 
 R-Medial Frontal Gyrus  2.69 1, 39 0.11 0.06  1.77 1, 39 0.19 0.04 
 L-ACC  0.97 1, 39 0.33 0.02  1.36 1, 39 0.25 0.03 
 L-OFC  0.42 1, 39 0.52 0.01  0.76 1, 39 0.39 0.02 
 R-Caudate  1.03 1, 39 0.32 0.03  0.87 1, 39 0.36 0.02 
 L-Putamen  0.05 1, 39 0.82 0.00  0.02 1, 39 0.88 0.00 
Age*Stress R-SFG  0.01 1, 39 0.91 0.00  0.01 1, 39 0.92 0.00 
 R-Cingulate Gyrus  0.05 1, 39 0.83 0.00  0.92 1, 39 0.34 0.02 
 R-MFG  0.75 1, 39 0.39 0.02  0.02 1, 39 0.90 0.00 
 L-MFG  0.00 1, 39 0.99 0.00  0.34 1, 39 0.56 0.01 
 R-Medial Frontal Gyrus  0.22 1, 39 0.64 0.01  0.02 1, 39 0.90 0.00 
 L-ACC  0.12 1, 39 0.73 0.00  1.07 1, 39 0.31 0.03 
 L-OFC  0.26 1, 39 0.61 0.01  0.69 1, 39 0.41 0.02 
 R-Caudate  0.02 1, 39 0.90 0.00  1.35 1, 39 0.25 0.03 





Table C5     
 
Univariate Results from MANOVA Examining Age and Stress on Positive and Negatively Valenced Stimuli-Outcome Phase Only 
  ROI   Outcome Phase 
   Positive   Negative 
   F df p ηp
2  F df p ηp
2 
Age            
 R-SFG  1.03 1, 39 0.32 0.03  0.01 1, 39 0.92 0.00 
 R-Cingulate Gyrus  2.84 1, 39 0.10 0.07  7.07 1, 39 0.01 0.15 
 R-MFG  5.00 1, 39 0.03 0.11  6.46 1, 39 0.02 0.14 
 L-MFG  0.51 1, 39 0.48 0.01  0.15 1, 39 0.70 0.00 
 R-Medial Frontal Gyrus  0.15 1, 39 0.70 0.00  0.66 1, 39 0.42 0.02 
 L-ACC  0.86 1, 39 0.36 0.02  0.09 1, 39 0.77 0.00 
 L-OFC  0.50 1, 39 0.48 0.01  0.80 1, 39 0.38 0.02 
 R-Caudate  0.08 1, 39 0.77 0.00  0.23 1, 39 0.64 0.01 
 L-Putamen  0.16 1, 39 0.69 0.00  0.09 1, 39 0.77 0.00 
Stress            
 R-SFG  2.56 1, 39 0.12 0.06  0.15 1, 39 0.71 0.00 
 R-Cingulate Gyrus  1.43 1, 39 0.24 0.04  0.29 1, 39 0.59 0.01 
 R-MFG  3.23 1, 39 0.08 0.08  0.42 1, 39 0.52 0.01 
 L-MFG  0.25 1, 39 0.62 0.01  0.06 1, 39 0.81 0.00 
 R-Medial Frontal Gyrus  0.00 1, 39 0.99 0.00  0.14 1, 39 0.71 0.00 
 L-ACC  0.13 1, 39 0.72 0.00  0.96 1, 39 0.33 0.02 
 L-OFC  0.75 1, 39 0.39 0.02  2.58 1, 39 0.12 0.06 
 R-Caudate  0.02 1, 39 0.88 0.00  1.33 1, 39 0.26 0.03 
 L-Putamen  3.65 1, 39 0.06 0.09  0.84 1, 39 0.37 0.02 
Age*Stress            
 R-SFG  0.22 1, 39 0.64 0.01  0.71 1, 39 0.40 0.02 
 R-Cingulate Gyrus  0.07 1, 39 0.80 0.00  0.43 1, 39 0.52 0.01 
 R-MFG  4.47 1, 39 0.04 0.10  0.01 1, 39 0.91 0.00 
 L-MFG  0.01 1, 39 0.91 0.00  0.22 1, 39 0.64 0.01 
 R-Medial Frontal Gyrus  0.10 1, 39 0.76 0.00  0.03 1, 39 0.86 0.00 
 L-ACC  0.06 1, 39 0.80 0.00  0.17 1, 39 0.68 0.00 
 L-OFC  2.71 1, 39 0.11 0.07  1.31 1, 39 0.26 0.03 
 R-Caudate  0.40 1, 39 0.53 0.01  0.18 1, 39 0.67 0.00 









Table D1      
 
HRV Regressions Results-Time Domain  
 
  Model Summary   Coefficients 
ROI HRV R2 F p     B p 
R-SFG 1. Baseline RMSSD 0.054 0.287 0.83     
      Age Group  0.165 0.993 
      RMSSD 0.002 0.894 
      Age X RMSSD 0.003 0.738 
 2. Stress RMSSD 0.074 0.401 0.754     
      Age Group  -0.201 0.51 
      RMSSD 0.006 0.54 
      Age X RMSSD 0.001 0.91 
L-Putamen 3. Baseline RMSSD 0.125 0.712 0.56     
      Age Group  -0.164 0.714 
      RMSSD -0.016 0.342 
      Age X RMSSD 0.001 0.319 
 4. Stress RMSSD 0.088 0.483 0.699     
      Age Group  0.3 0.352 
      RMSSD 0.001 0.92 
            Age X RMSSD -0.004 0.653 
 
